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“Light thinks it travels faster than anything but it is wrong. No matter how fast
light travels, it finds the darkness has always got there first, and is waiting for it.”
Terry Pratchett, Reaper Man

Abstract
This thesis is devoted to the development and study of quantum optical tech-
niques that allow the use of quantum communication protocols such as a quantum
repeater in out-of-the-lab conditions. Up until now almost all experiments in this
research field were inside the laboratory. The experiments performed in this the-
sis aimed to overcome the particular problems that can arise from non-laboratory
environments and investigate if there are unexpected complications involved in this.
The first experiment we performed was an entanglement swapping experiment
inside the laboratory, but using systems that we believe are suitable for out-of-the-
lab use. In order to provide a proof of principle of the employed techniques we used
standard single mode optical fibers to simulate a ‘real world’ telecommunication
environment. The results of this experiment showed that indeed the chosen systems
work in such situations.
In our second experiment we investigated a new technique of performing Bell
state measurements. The technique was found to work but the usefulness for real
world experiments is hindered by the added losses with regards to more basic Bell
state measurements. The technique might have applications in quantum information
protocols that require more than one Bell state to be measured.
Next we performed the first teleportation experiment that was performed out of
the lab that uses prior entanglement distribution. A qubit was teleported from the
laboratory to a Swisscom switching station located 500m away from the lab. For
this experiment the qubit was created by a different laser pulse than the entangled
pair. This experiment again showed the robustness of our systems in real world
environments and effectively dealt with some of the problems that arise from using
multiple sites. The only remaining non real-world part of this experiment is that all
photons were created in the same lab.
The final part of this work shows the progress made in developing photon-pair
sources that can be separated by significant distances. This is required to make a
true quantum relay or repeater in which every link is located at a different location.
Some other contributions made during this thesis are tests of a new type of semi-
conductor photon-pair sources. Also some fundamental Bell test were performed
that test some alternative theories to explain correlations found in experiments.
The overall conclusion of this thesis is that the techniques developed are useful for
long distance quantum communication in general and specifically for out-of-the-lab
application.
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Chapter 1
Introduction
“In the beginning...there was light”[1], or at least that is what a lot of people around
the world believe. This phrase applies itself very well to quantum physics. The be-
ginning of quantum physics was when Max Planck discovered, in 1900AC, that
he could explain the optical emission spectrum of a thermal source by postulating
quantized energy[2]. Five years later Einstein published an important paper[3] on
the photoelectric effect in which he introduced “light quanta” which we now call
photons[4]. This was the birth of quantum physics. Therefore, indeed, the begin-
ning...was light.
In recent times the interest of physicists has grown beyond that of a fundamental
interest and curiosity in quantum physics. A new idea was introduced in 1983 by S.
Wiesner[5] in which the quintessential quantum properties were used as resources to
perform a certain task that cannot be performed using only ‘classical thinking’. In
his specific case the use of the no-cloning theorem[6] in order to create unforgeable
“quantum money”. It took a long time for this general idea to catch on but it got
a kick-start when P. Shor[7] discovered an algorithm by which a quantum computer
could factorize primes rapidly. Since this result a broad interest has grown into a
new field of research, quantum communication and information.
1.1 Quantum Communication and Information
Quantum information(QI) is the research field which uses quantum properties to
perform computations or simulations that would take a classical computer much
longer to solve. For example on a quantum computer Shors algorithm allows the
factoring of a large integer number N in short times (polynomial), but in classical
computing such calculations can only be done by brute force and take exponentially
long calculation times. Since this long calculation time is the basis for most cur-
rent cryptography schemes a quantum computer would seriously affect all encrypted
communication and storage of data in the world. A second aspect of QI is that a
quantum computer is capable of simulating complex quantum systems that can-
not be simulated with a classical computer, such as many-body systems with local
interactions[8].
Quantum communication(QC) is the research field that tries to distribute quan-
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Figure 1.1: The principle problem in the field of quantum communication is that it
is not possible to increase the signal strength during transmission. This is caused
by the no cloning theorem.
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Figure 1.2: Graphic representation of a quantum repeater. The squares represent
quantum memories and the stars photon-pair sources. At the position where the
arrows meet a Bell-state analyzer(BSA) is used which ‘swaps’ the entanglement.
tum states between two or more locations. Such a distribution is required for a
quantum world-wide-web once quantum computers are developed, but in a shorter
term quantum states can be distributed in order to perform quantum key distribu-
tion (QKD)[9]. QKD is currently the only system in the world that makes it possible
to secretly share two random series of bits at two distant locations. Combined with
one-time-pad encoding[10] this means that QKD is the only way in which provably
secure cryptography can be performed.
At first glance it might seem simple to distribute a quantum state. You take a
photon, encode the desired quantum state, send it through a fiber and wait until it
arrives at the other end, voila! Unfortunately such simple methods only work well
for short distances since fibers and any other means of transmission have losses. In
classical communication such losses can be dealt with by adding ‘signal boosters’
(Fig. 1.1). In quantum physics, however, the no cloning theorem shows that an
amplifier is not possible therefore another form of long distance transmission must
be found (Fig. 1.1). The answers to this problem can be found in the quantum relay
and quantum repeater based on quantum teleportation[11, 12, 13], entanglement
swapping[14] and quantum memories[15]. A quantum repeater is a cascade of en-
tanglement swapping protocols and quantum memories which allow the distribution
of an entangled state in multiple independent steps. A quantum relay is very similar
but doesn’t use quantum memories (Fig. 1.2).
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1.2 This thesis
This thesis contains the work performed at the university of Geneva in the group of
applied physics under guidance of prof. N. Gisin and dr. H. Zbinden since October
2003. The goal of this thesis is to experiment with the possibility to take quantum
teleportation out of the lab and into a so-called ‘real world’ environment. Several
experiments have been done in order to test the viability and difficulties which can
arise for a long distance quantum link. The contents of this thesis is arranged as
follows:
In the first chapter a short introduction will be given as well as the layout of
the thesis. The next four chapters will explain some of the basic knowledge used
throughout the rest of the thesis. The second chapter will describe in general what
a qubit is and more specifically which type of qubit will be used during the rest
of the thesis. In the third chapter we will discuss photon-pair sources and single
photon sources. Chapter four introduces single photon detectors. The fifth chapter
discusses the use of entanglement in quantum communication.
The chapters after this each concern one of the main experiments performed dur-
ing this thesis. Chapter six discusses long distance entanglement swapping. Chapter
seven will discuss the importance of the Bell-state measurements and a new method
for this is introduced. The eighth chapter discusses the first out-of-the-lab demon-
stration of quantum teleportation and chapter nine discusses the progress towards
creating synchronized photon sources.
Some other contributions made during this thesis will be described in chapter
ten. The last chapter will give some overall conclusions and a short outlook for the
continuation of this work.
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Chapter 2
Qubits and time-bins
2.1 Qubits
In information science the elemental building block is the bit, a number being either 0
or 1. In the field of quantum information there is a similar concept: the quantum bit,
commonly called a qubit[16]. A qubit is a quantum-state in a coherent superposition
of being |ψ0〉 and |ψ1〉, where |ψ0〉 and |ψ1〉 are two orthonormal quantum-states. In
order to simplify the notation we define |0〉 ≡ |ψ0〉 and |1〉 ≡ |ψ1〉. A general qubit
state |Ψ〉 can be written as:
|Ψ〉 = α|0〉+ βeiφ|1〉 (2.1)
where α2 + β2 = 1 and φ is the phase difference between |0〉 and |1〉. It is possible
to represent a qubit on a Poincare´-sphere1 (Fig. 2.1).
There are some important differences between a qubit and a bit. The first dif-
ference can be clearly seen on the Poincare´-sphere. A classical bit is represented by
either of the two poles, whereas a qubit is represented by any point on the shell of
the sphere. This is because the qubit can be in a superposition state of |0〉 and |1〉
and a classical bit cannot.
Another difference between a bit and a qubit is caused by the no-cloning theorem[6]
which states that it is not possible to create a perfect copy of an arbitrary and un-
known quantum-state. Therefore it is not possible to create a perfect copy of a qubit.
Obviously copying classical bits is possible. This difference has direct applications
in the field of quantum cryptography.
Finally it is possible for several qubits to be in an entangled state. This be will
extensively used and explained later in this thesis.
So far bits and qubits were discussed as concepts, obviously their physical imple-
mentation is also important. It is possible to create many different types of (qu)bit-
systems but they can be broadly separated into two different groups: stationary-
(qu)bits and flying-(qu)bits. As the names indicate, the flying (qu)bits are (qu)bits
1The Poincare´-sphere is generally used in optics to describe the polarization state. Since polar-
ization is the most used form of qubit encoding the Poincare´-sphere is also often used to represent
qubits. For spin qubits the Bloch-sphere is used. Sometimes the more general term qubit-sphere
can also be found
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Figure 2.1: A representation of a qubit on a Poincare´-sphere. Any point on the shell
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eiφ|1〉 with 0 ≤ θ ≤ pi and
0 ≤ φ < 2pi. A classical bit corresponds to either of the two poles (θ = 0 or pi).
which can be transmitted over significant distances without a change in their (qu)bit-
state and are used for (quantum) communication. Stationary (qu)bits are typically
motionless and interesting for (quantum) information storage and computing.
2.1.1 Stationary-(qu)bit implementations
Stationary classical bits are usually encoded in ensemble properties such as the
magnetic dipole-moment. In such systems there is a very small chance of measuring
a ‘0’(‘1’) when the encoding is a ‘1’(‘0’) and furthermore there is a very small chance
of a physical change between values (a bitflip). For qubits there is a large zoology of
possible two-level quantum mechanical systems that have been investigated. One of
the added problems with qubits compared to bits is the sensitivity to decoherence.
Once a quantum state is encoded many effects can force a change in the qubit, most
often a phase-decoherence. Decoherence means that the state no longer corresponds
to a point on the qubit sphere but the vector has a length<< 1. The most important
reason to choose a particular quantum system is its experimental feasibility and
ease of manipulation. The most common stationary-qubits are spins[17] or different
energy levels[18] but many others exist[19]. Stationary qubits won’t be discussed
further in this thesis. Several flying qubit implementations are discussed below.
2.1.2 Flying-(qu)bit implementations
Flying classical bits are often different voltages in cables or light intensities in optical
fibers. Flying qubits are usually encoded onto photons. The reason for this is
obvious: a photon can travel long distances quickly and with small losses in optical
fibers. Furthermore the telecommunication industry is nowadays extremely active
and still growing, therefore potential applications of photonic qubits can count on a
large and well developed industry if the proper wavelengths are used. In this thesis
time-bin qubits are used but it is instructive to first consider some other types of
flying qubits.
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Figure 2.2: Schematic representation of how to generate and then measure a spatial
mode qubit. A photon passes through variable coupler VC. Both outputs are then
sent to an analyzer where one path gets a phase delay γ with regards to the other
path. The paths are combined on another variable coupler and detected by detector
D0 or D1
Polarization mode
A common form of qubit encoding is in the polarization mode[20, 21] of a photon.
A single polarized photon is in a state |Ψ〉 = α|H〉+βeiφ|V 〉. Here the notation |H〉
(|V 〉) is used for a single photon Fock-state in which the photon is polarized along
the H (V)-axis. It is easy to recognize this as a qubit state (eq. 2.1) with |H〉 ≡ |0〉
and |V 〉 ≡ |1〉.
Polarization qubits can be generated by passing a photon through a polarizer
followed by a birefringent medium. The angle of the polarization determines α and
β and the birefringence determines φ.
Analysis of a polarization encoded qubit can be done by passing the photon
through a polarizing beamsplitter. This projects the state on either |0〉 or |1〉. For
other projections it is possible to use a half-wave plate to turn the polarization just
before the beamsplitter and birefringent materials to adjust the phase relation.
Although polarization qubits are easy to create and manipulate, they are subject
to polarization mode dispersion (PMD)[22] in optical fibers. For this reason other
types of encoding are of interest when one is interested in using fiber links.
Spatial mode
Another possibility for encoding flying qubits is the spatial mode of a photon, this
type of qubit encoding is also known under the name ‘dual-rail’ encoding[23]. Lets
consider what happens with a photon that passes a fiber-optics coupler. After the
coupler the photon is in one of the two exit ports and can be defined by the states |T 〉
and |R〉, where |T 〉 (|R〉) is the one photon Fock-state in the transmission (reflection)
mode of the coupler. The quantum state after the coupler is |Ψ〉 = t|T 〉 + reiφ|R〉
with r2 + t2 = 1. Again we readily identify the qubit-state with |T 〉 ≡ |0〉 and
|R〉 ≡ |1〉 (Fig. 2.2). For a 50/50-coupler r = t = 1√
2
but arbitrary r and t can
be created by using a variable coupler. The phase φ depends on the difference of
path lengths travelled. In fiber optics experiments this parameter can be highly
unstable due to fluctuations in fiber length caused mainly by temperature drifts and
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Figure 2.3: Schematic setup for creating and analyzing a time-bin qubit. First a
photon is send through a variable coupler (VC), after travelling different distances
the two path are recombined using a switch (SW). For analysis of the state this
process is reversed.
vibrations making this scheme impractical for many applications.
Analysis of a spatial-mode encoded qubits can be done by directly measuring each
mode. This projects the state on either |0〉 or |1〉. Alternatively recombining the
modes on a variable beamsplitter with a certain phase difference γ allows projection
onto two points opposite each other on the Poincare´-sphere (Fig. 2.2).
Here it should be noted that both polarization and spatial mode can also be
considered as the same type of encoding, namely propagational-mode encoding.
The big difference for experiments is that two different polarization modes can pass
through the same spatial mode which is experimentally more useful than two spatial
modes having the same polarization mode.
Time-bin
As noted above, it is very challenging to maintain a fixed phase φ when using spatial
mode encoding. A modified version of this scheme is better suited for quantum
communication in optical fibers. First the ideal situation will be explained followed
by a small adaptation caused by technical limitations.
Consider the following situation (Fig. 2.3): a photon from a pulsed source passes
through a variable coupler and is separated into two different spatial modes, at this
point the state is a spatial mode qubit. Both modes are allowed to propagate a short
distance but one of the two modes propagates a distance significantly longer than
the other mode (the difference has to be larger than the coherence length). Both
modes are then recombined using an ultra-fast optical switch. This is possible since
the time of arrival of the photon on the switch is different for both modes. After
the switch the photon will be in one spatial mode (the guided-mode of the switch)
but at two different times. The state created in this manner is of the form:
|Ψ(t)〉 = α|ψ(t)〉+ βei2pi τcλ |ψ(t− τ)〉 (2.2)
where τ is the difference in time of arrival on the switch, c the speed of light and
λ the wavelength. For the qubit state define |ψ(t)〉 ≡ |0〉, |ψ(t− τ)〉 ≡ |1〉 and
φ ≡ 2pi τc
λ
.
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Figure 2.4: It is possible to extend time-bin encoding to higher dimensions. In this
case the variable coupler is a d-to-d coupler and the switch a d-to-1 switch.
As indicated in the beginning of this section, this encoding scheme is much eas-
ier to stabilize, there are two experimental constraints. First of all a stabilization
of the path length difference τc. This is required in order to have a well defined
qubit. Secondly a stability of the transmission fiber on timescales of the order of
τ is required in order not to alter the qubit during transmission. The last require-
ment is automatically satisfied for ns-scale delays whereas the first requirement is
experimentally feasible. This encoding scheme is called time-bin encoding[24]. For
simplicity we will often use “a time-bin qubit” or simply “qubit” when we mean “a
photon encoded with a time-bin qubit”.
Analysis of time-bin qubits can be done as follows. If it is desired to project the
state on |0〉 or |1〉 it is sufficient to determine the time of arrival relative to the time
of emission of the photon. For a more general projection it is possible to do the
inverse of the time-bin creation. First the qubit will pass through a switch followed
by path length difference identical to the one used in the creation of the qubit. At
this point the photon arrives at a coupler in a superposition of being in one input
port or the other. The output port of the photon will then be determined by the
phase difference of the encoding and decoding paths. This method determines the
phase of the qubit.
Unfortunately the time-bin scheme is not technologically feasible when τ is small
(order of a ns). The above mentioned low-loss fast optical switches required in order
to create and analyze the qubits don’t exist yet. An alternative is to use a 50/50
coupler. This means that half of the time the photon will exit through the wrong
port and will be lost. When this technique is used the encoding device corresponds
to an unbalanced interferometer. All experiments in this thesis use this technique.
At this point it is interesting to note another difference between polarization en-
coding and both time-bin encoding and dual-rail encoding. It is possible to extend
the time-bin or dual-rail scheme to multiple dimensions ie. create d-dimensional
qudits[25, 26] This can be done by using multi channel couplers and switches and
having d different possible time delays (Fig. 2.4) for the time-bin scheme or d dif-
ferent paths for the dual-rail system. Polarization encoding is limited to the two
polarization modes, and can therefore only be used for 2-dimensional qubits.
For the experiments done in this thesis all qubit encoding was done using time-
bins created with the described interferometer techniques. Technical details will be
9
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Figure 2.5: It is possible to create time-bin qubits based on spatial mode dispersion
or polarization mode dispersion. The two resulting qubits are completely equivalent.
PM is a polarization modulator.
discussed later in this thesis.
2.1.3 Alternative time-bin creation
The relation between time-bin encoding and spatial mode encoding is very clear.
Time-bin encoding is a truncated version of spatial mode encoding. Since there
is also a large similarity between polarization encoding and spatial mode encoding
it is interesting to consider if it is possible to also make a truncated version of
polarization-encoding?
It is possible to transform a polarization qubit into a spatial mode qubit by
separating the polarizations on a polarizing beamsplitter. It is then possible to
proceed as above to construct a time-bin qubit. This method has no experimental
advantages over directly creating spatial mode qubits since the requirements are
basically the same. Another alternative would be to directly go from polarization
to time-bin (Fig. 2.5). This can be achieved with a large delay which is generated
between both polarization modes while they are in the same spatial mode. This can,
for example, be done with high-birefringence (hibi) materials. After a certain length
of such hibi-material the two polarization modes are well separated in time/space.
The final step is to put both polarization modes into the same mode. This can
either be done by a fast polarization modulator in analogy with a fast switch, or by
having a PBS at 45 degrees with respect to the qubit encoding axes. In this last case
the two exit ports are equivalent to the two exit ports of the time-bin generating
unbalanced interferometer. This method for generating time-bin qubits hasn’t been
experimentally investigated to our knowledge because it requires large amounts of
expensive hibi-materials, but if higher birefringence materials can be found it will
be interesting to see if it is not experimentally more convenient.
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Chapter 3
Photon-pair sources and single
photons
3.1 Introduction
In the previous chapters it was assumed that it is possible to create and to manip-
ulate single photons and photon pairs. Since such sources will be extensively used
later in this thesis an explanation of their functioning will be given is this chapter.
Naively one would think that it is easy to create a photon. Just think of a humble
light-bulb, it easily generates 1018 photons per s (assuming 50W with 1% efficiency
and only 400nm photons), so how hard can it be to create one photon? It turns
out that, although it is easy to create a photon, it is a lot more difficult to create a
single specific photon at a specific time.
The important parameters for both single photon sources and photon pair sources
are:
1. Output rate
2. Collection efficiency and internal losses
3. Wavelength and tunability
4. Bandwidth of created photons
5. Statistics
The importance of the first parameter is obvious. Since high transfer rates are com-
monplace in modern telecommunication, QC applications also require reasonably
high rates in order to be useful. Transfer rates are in practice often limited by
transmission and detection losses. However, it is not the case that the output rate
should be as high as possible in order to compensate. Currently sources are mainly
probabilistic sources, and for protocols such as quantum teleportation to function
the probability of emitting more than one photon(-pair) needs to be kept small.
The second parameter is of importance mainly in photon-pair sources, in single-
photon sources a low collection efficiency can, in principle, be compensated by higher
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output rates. In photon-pair sources, however, it is important that whenever one
photon is collected that there is a large probability of collecting the second photon
of the same pair, and that this probability is higher than the possibility of collecting
a photon from another pair.
The wavelength (point three) is obviously of importance because all manipula-
tions depend on the wavelength and tunability is important because in many QC
protocols it is important to create photons with the same wavelength in different
sources. For experiments that use standard fiber optics the wavelengths with low-
est losses are around 1.5µm . Also wavelengths around 1.3µm have low losses and
furthermore have zero dispersion.
The bandwidth and coherence length are important mainly in experiments that
aim to use indistinguishable photons. For the case of gaussian pulseshapes the
coherence length lc is linked to the bandwidth as follows:
lc =
2ln2
pi
λ2
∆λ
(3.1)
In the QC protocols used for this thesis it is important that photons arrive ‘at
the same time’. This means that the photons should arrive within their coherence
lengths. In order to make this experimentally feasible large coherence lengths are
useful, and thus smaller bandwidths are desirable.
Finally the statistics of the source are important. In other words the g(2)(0) = 2p2
p21
parameter should be as low as possible. pi is the probability to create i pairs or single
photons at the same time. An ideal source has g(2)(0) = 0.
3.2 Single photon sources
The techniques used for single-photon sources have seen a lot of development re-
cently. Some of the designs involve quantum dots[27], vacancy centers in diamond[28]
and heralding from frequency conversion photon-pair sources. In this thesis the last
technique will be used. It consists of using a photon-pair source (see section 3.3)
and a single photon detector. Assuming that both photons from the pair are not
identical, in our case because of different wavelengths, it is possible to determin-
istically separate them. After this separation one of the two photons is sent to a
detector. If the detector finds a photon it is known the other photon was created as
well and the detector sends out a heralding signal (Fig. 3.1). Note that although it
is certain that both photons are always created as a pair, it is not guaranteed that
both photons will be collected.
Another type of single photon source used in this thesis is a photon-pair source
from which a single photon is discarded without detection. Such a source has a
higher output rate than a heralded source but it has more noise. However the g(2)(0)
parameter of such a source (g(2)(0) = 2) is worse than that of a attenuated laser
(g(2)(0) = 1), it should therefore be considered as a pseudo-single photon source.
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Figure 3.1: Schematic of a heralded photon source. A pair of non-degenerate photons
is used as the input. WDM is a wavelength division multiplexer.
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Figure 3.2: A single photon send into a medium with a large non-linear coefficient
χ(2) has a probability p to be converted into two lower energy photons.
3.3 Photon-pair sources
The most commonly used technique for photon-pair creation is spontaneous para-
metric downconversion (SPDC)[29]. Other, less used, techniques will be briefly
reviewed at the end of this chapter.
3.3.1 Spontaneous parametric downconversion
Non-linear effects can happen in media with a strong non-linear coefficient χ(n), n >
1. Non-linear in this case relates to the non-linear response of the polarization P of
a media to the electric field E of light. The dielectric polarization can be written as
follows:
P (t) ∝ χ(1)E(t) + χ(2)E2(t) + χ(3)E3(t) + etc. (3.2)
Effects caused by higher order terms are normally not visible because they occur
with extremely low probability. χ(2) is zero in centro-symmetrical systems such as
a standard optical fiber but in certain materials they can be large enough to see
effects, such as in Lithium Borate (LBO) crystals. A large χ(2) results in three-wave
mixing effects, such as spontaneous parametric downconversion (SPDC) or second
harmonic generation (SHG)
In SPDC a single photon is transformed into a pair of photons (Fig. 3.2) through
a non-linear interaction with the medium. Energy and momentum conservation lead
to the following constraints on this process:
ωp = ωs + ωi (3.3)
~kp = ~ki + ~ks (3.4)
here ωj is the frequency and ~kj the wavevector. The subscripts p, s and i stand for
pump, signal and idler respectively.
In order to adhere to the first constraint the created photons must have frequen-
cies symmetrically located around half the pump frequency.
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The second constraint is more demanding, since the medium in which the SPDC
occurs has chromatic dispersion the velocities of all components of the SPDC are not
equal. This leads to a dephasing of pump-photons and signal/idler-photons which
in turn leads to destructive interference. There are two practical solutions to this
problem.
The first solution is so-called phasematching by birefringence. By using a material
which has a large difference in refractive index as a function of the polarization
it is possible to achieve a situation in which the pump-photons and the created
photons travel at the same speed (ie. their phase will remain matched). This type
of phase matching is limited to certain wavelengths depending on the refractive
index n. A method to tune which wavelengths can be generated is changing the
temperature and thus the phase-matching conditions. Materials which are suited
for such techniques are for example LBO, beta-Barium Borate (BBO) and Potassium
Titanium Phosphate (KTP).
The second solution is quasi phase-matching. This solution requires a material
in which χ(2) changes its sign periodically. In such a material the phase-matching is
such that the photons are never interfering destructively but there is always (non-
optimal) constructive interference. In this case the requirement 3.4 is changed to:
~kp = ~ki + ~ks + ~K (3.5)
| ~K| = 2pi
Λ
(3.6)
here Λ is the poling period. Materials using this type of phase matching are re-
ferred to as periodically poled (PP), for example PP Lithium Niobate(PPLN) or
PPKTP. Quasi phasematching has the advantage over birefringence phasematching
that is possible to create a very large range of wavelengths since there is a different
parameter that can be changed. Futhermore it allows the use of higher non-linear
coefficients.
The overall efficiency of the SPDC process is determined by the χ(2) parameter of
the non-linear medium and the interaction length. The efficiency is thus limited by
the choice of material and in that respect it cannot be easily increased. One method
that can be used to increase overall conversion is to use a longer non-linear medium.
An increase of the power density can be accomplished by using waveguide structures
to confine the light. The use of waveguides with birefringent phasematching is
complicated by the polarization requirements of the guide. However it is possible
to create waveguides in PP-materials, for example by using soft-proton exchange
techniques in order not to affect to the periodical poling[30].
3.3.2 Alternative sources
Besides SPDC several other types of photon-pair sources exist. Not all of them will
be discussed here but some of the better known sources will be briefly explained.
One promising type of source of telecommunication wavelength photon-pairs uses
4-wave mixing[31]. The process used is similar to SPDC but it uses two pump-
photons to generate a pair.
ωp1 + ωp2 = ωs + ωi (3.7)
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Figure 3.3: The use of waveguides allows for a better collection of the generated
photon-pairs. Because of the waveguide the length doesn’t influence the collection
efficiency.
The efficiency of this process is determined by χ(3). The main advantage of such a
source is that it is possible to use optical fibers as non-linear medium, therefore cou-
pling to the fiber should be near perfect. Phasematching is possible for frequencies
near the pump frequencies when using the fiber around its zero-dispersion frequency
leading to the disadvantage that a very efficient filtering system is required to filter
the large amount of pump photons from the generated photon-pairs. At the moment
such sources don’t reach their full potential since the filtering system is not fibered
and therefore the main advantage is negated.
Another type of source are quantum dot(QD)[27]. A QD is a nanostrucutre in a
semi-conductor which restricts the free electron-holes. This can create a situation
in which an excited electron-hole pair releases its energy in the form of a pair of
photons. This technique works but it is difficult to get a good collection efficiency
from a QD, progress in this field is made by trying to create micro cavities around
a QD.
As part of this thesis a collaboration with the group of G. Leo in Paris for a
photon-pair source based on SPDC in semiconductor waveguides was performed. A
short description of this experiment will be given in section 10.1
3.3.3 Frequency upconversion
SPDC is closely related to another frequency conversion technique: frequency up-
conversion. In this case the process is exactly the opposite of the process described
above. Two photons with frequency ω1 and ω2 are transformed into one photon with
frequency ω3 = ω1 + ω2. Phasematching is created by using the same techniques
as before. This process can for example be used for information transfer from one
15
wavelength to another[32]. Later in this thesis it will be used to create a bright
source of pulsed light that cannot be easily made without such a technique.
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Chapter 4
Single Photon Detection
4.1 Introduction
So far we have discussed the creation of single photons or pairs of photons that can
be used in a multitude of QI and QC protocols. All such protocols require detection
of the photons either to obtain the result or as a part of the protocol. Unfortunately
this is not a trivial task, especially for low energy photons such as photons at telecom
wavelengths.
For our purposes there are several important parameters for photon detectors:
1. Detection efficiency
2. Dark count probability
3. Duty cycle
4. Maximum countrate
5. Temporal resolution
The detection efficiency η is defined as the probability for the detector to click
when a single photon arrives. Most detector research focusses on this crucial param-
eter. For avalanche photodetectors (see the next section) efficiency can be changed
by varying the bias voltage of the device. However an increase in η generally also
means an increase in the dark count probability PDC which is defined as the proba-
bility per ns of having a click when there is no photon present. In such detectors a
compromise between η and PDC must be reached. In general it is important to find
an optimal signal to noise ratio (SNR).
The duty cycle of a detector is important in order to make optimal use of the
detector. Not all situations are limited by a duty cycle as will be shown later.
The maximum countrate is important as well for high bit rate experiments. In most
protocols using the detector too close to the maximum countrate (saturation) results
in a large reduction of the output rate. This is caused by the deadtime (explained
later) which reduces the duty cycle.
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Figure 4.1: A schematic explanation of the working of an APD. The device starts
at point A. It is readied for detection by increasing the reverse-voltage to point B.
A detection is made when an avalanche moves the device to point C, after which
the current is stopped and the device returns to A. Note that the horizontal axis
is the reverse bias voltage and therefore the graph seems mirrored with regards to
standard I-V graphs of diodes.
In some experiments the temporal resolution is very important, for the experi-
ments in this thesis a resolution high enough to distinguish a photon at time t0 from
a photon at time to + τ is sufficient. In our experiments the timebin separation τ
equals 1.2ns.
4.2 Avalanche photodetectors
All the single photon detectors used for this thesis were avalanche photodetectors
(APDs). A short explanation of their functioning will be given here. Some alterna-
tive detection devices will be discussed in section 4.3.
An APD is a reverse biased diode sensitive to absorption of a single photon. Three
types of diode are used in this thesis. Indium gallium arsenide (InGaAs), germanium
(Ge) and silicon (Si). Each type of diode is sensitive to different wavelengths.
Before detection the diode is prepared in a stable state with a voltage below the
breakdown voltage Vbreakdown. This corresponds to point A in figure 4.1. The bias
voltage is then increased to above Vbreakdown (point B). This creates an unstable
situation and a small fluctuation can start an electron avalanche which changes
the situation to point C. One of the possible causes of such an avalanche is the
absorption of a photon. Detection of the sudden increase in current (the avalanche)
signals a possible photon detection, also called a ‘click’. After the avalanche the
current is reduced and the diode returns to its original state (point A).
4.2.1 Modes of operation
There are several different techniques that can be used with APDs. Which technique
is used depends on the particular characteristics of the diode and the experimental
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Figure 4.2: Different methods can be used to stop the current flowing through an
APD after it has passed its breakdown voltage. On the left the scheme for short
pulse gated mode operation is shown, in the middle passive quenching and on the
right active quenching.
requirements. The techniques can be roughly separated in the following two groups.
The first group we will call ‘gated mode operation’ (GMO) also known as ‘trig-
gered detectors’. It is possible to ready the detector (point B)for detection during
a time Tgate after which the bias voltage is reduced to below Vbreakdown (point A)
regardless of photon detection. An important consequence of this form of biasing
is that it is required to tell the detector when to expect a photon. In experiments
where this is approximately known this technique can be very useful since it permits
a reduction of the number of darkcounts.
The second group of techniques is ‘freerunning operation’ (FO) also called ‘passive
detectors’. In this case the bias voltage is almost always kept high (position B), and
is only reduced after detection. This technique doesn’t require any knowledge about
the approximate arrival time of the photons. If the arrival time of the photons is
not known but FO is not possible GMO detectors can be used with random triggers.
This technique simulates a FO detector with a GMO detector. The disadvantage is
that often the detector will not be ready for a photon and the resulting duty cycle
effectively reduces the efficiency. When using a large amount of short gates this
technique is also known as rapid gating.
For both groups it is important to stop the current through the diode as soon as
possible after a detection. This is known as ‘quenching’. If GMO is used with short
gates (typically of the order of a few ns) quenching is not required since the current
is stopped at the end of the gate. In all other cases quenching is required mainly
in order to protect the diodes but also to reduce noise. There are two different
possibilities for quenching, active or passive quenching (Fig. 4.2).
For passive quenching it is sufficient to add a resistance to the circuit. As soon
as a current starts to flow the increased voltage loss over the resistance will result
in an effective reduction of the bias voltage. Once the diode is sufficiently back
below breakdown the current stops and the original situation (point A) is restored.
This method of quenching has the advantage that it is very easy to implement and
19
Biasing Quenching Notes Type
GMO
none only for short gates
active InGaAs
passive only with long gates
FO
active Si
passive simplest electronics Ge
Table 4.1: Different possibilities for biasing and quenching APDs. The “Type”
column indicates which type of diodes were used in this thesis for the particular
techniques.
therefore it can be used in some situations were more complicated circuits would be
problematic. The disadvantage is that the time it takes to quench an avalanche is
relatively long. This type of quenching is in general used in combination with FO
detectors, but can also be used in GMO with long gates (> 20ns).
Active quenching works by adding a circuit that reduces the bias voltage to below
the breakdown level as soon as it detects a current. The advantage of this method is
an increase in the performance of the detector since the time above the breakdown
level is very short. The disadvantage is that the detector electronics become a
lot more complex. For InGaAs detectors this type of quenching is usually used in
combination with long duration (> 5ns) gates in GMO but recently an actively
quenched FO detector was developed[33]. An overview of the different modes of
operation discussed above is given in table 4.1.
Three types of APDs are used in this thesis. The principle ones are commercial
InGaAs APDs. They function in GMO and actively quench avalanches during the
gates[34, 35]. Typical measured characteristics for one of our InGaAs detectors
is shown in figure 4.3. InGaAs diodes have a high darkcount probability but are
required for certain wavelentghs. Secondly a FO passively quenched GE-diode cooled
with liquid nitrogen was used and finally an actively quenched FO Si-diode. The
efficiency of these devices can be tuned by changing the bias voltage and for the first
two is around 10% (λ ≈ 1550nm) and for the Si-diode around 35% (λ ≈ 775nm). The
temporal resolution of these detectors is a few hundred ps which is sufficient since we
use τ = 1.2ns. The choice of detectors is largely based on the wavelentgh(Fig. 4.4).
The duty cycle and maximum countrate are mainly determined by the deadtime
of the system. The deadtime is an artificially created period during which the bias
voltage across the detector is kept low after a click. This is required because if one
were to try and detect a photon rapidly after a detection there is a large increase in
PDC caused by remaining trapped charges (Fig. 4.5).
4.3 Alternative detectors
In recent years several other types of detectors have been developed, each with their
own strengths and weaknesses. Two of such detectors are explained below.
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Figure 4.5: Probability of detection a darkcount shortly after a detection.
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Figure 4.6: Scheme of an upconversion based single photon detector at telecommu-
nication wavelengths. First the input photon is converted with an auxiliary photon
to a photon with a different wavelength in a non-linear cryptal(NLC). This photon
is then efficiently detected by a Si-APD.
Detection after upconversion
One alternative detection technique for measuring single photons at telecommuni-
cation wavelengths is to convert the photon to be detected to another wavelength in
which good APDs exist. For telecommunication wavelengths such a detector consists
of an upconversion of the photon at ω1 combined with a photon from an auxiliary
source ω2 to a photon with ω3 = ω1 + ω2, followed by the detection of this photon
with an Si-APD[36]. Efficiencies up to 5% have been reached but the dark count
probability is relatively high with 10−4 dark counts per ns. This detector technique
has the advantage that it has low jitter (50 ps) if a low jitter Si APD is used.
Superconduction meanders
Another technique for single photon detection involves specially structured super-
conductors [37]. Typically a thin film of superconducting material is deposited on
a substrate. A meandering structure is created using etching techniques. A current
slightly below the critical current Ic is passed through this structure. If a photon hits
the meander this will heat up a small region, which causes a reduction of Ic. If this
drop is large enough the current in the meander will be larger then the critical cur-
rent and therefore a small non-superconducting region will be created. The current
will avoid this area and therefore the surrounding areas will have a current increase.
Since the current was close to Ic such an increase will in turn cause those areas to
stop being superconductive. This process creates a “band” of non-superconductive
material which means that the device now has a detectable resistance.
A measured change of the resistance of such a detector equals a ‘click’ of an
APD. After a detection it suffices to reduce the current in order to make the whole
system superconducting again and the whole cycle can start over. A disadvantage is
that the detectors require a cryostat in order to reach superconductivity (typically
with temperatures of a few Kelvin) but it the has advantage that it has a low dark
count rate. Furthermore it has been suggested that such detectors might be able to
distinguish between a single or multiple photons[38, 39]. Finally the detectors can
be used as passive detectors which is very useful for many protocols.
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Figure 4.7: Schematic of the functioning of a superconductive photon detector. A
photon hits the meander and gets absorbed. The resulting increase in temperature
will decrease Ic sufficiently to make the region resistive. The current now passes
around this region which makes increase the local currents there to above Ic. This
process creates a band of non-superconducting material.
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Chapter 5
Entanglement
If the differences between a quantum world and a classical world had to be defined
by a single property it would probably be entanglement. Entanglement describes
properties of multiple distinct systems which cannot be properly described for each
system individually. The results of entanglement can be completely counterintuitive
and very different from what can be predicted with classical theories. In order to
explain entanglement it is useful to directly consider one particular type of entan-
glement, in our case time-bin entanglement[24].
5.1 Time-bin entanglement
Consider the following situation (Fig. 5.1). A bright laser pulse is send through
an unbalanced interferometer. After the interferometer there are two pulses with a
fixed phase relation between the two:
|α〉p → |α2 〉0|eiφ α2 〉1 (5.1)
where we assumed 50/50 couplers and we ignored the second output port. The
subscript p stands for pump and ‘0’,‘1’ indicate the temporal mode t0(t1). The
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Figure 5.1: Experimental setup to create time-bin entangled qubits. An intense
laser pulse is send through an unbalanced interferometer. One of the outputs is
send through a NLC in which a SPDC process can occur. The pump-photons are
then filtered out and the remaining photons are entangled photon-pairs.
pulses after the interferometer are send through a non-linear medium. At this point
there is a certain probability that a SPDC process occurs: i.e. a single photon is
transformed into a pair of photons as discussed in section 3.2.(
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The operators aˆj,bˆ
†
j,cˆ
†
j stand for the creation operators of the pump, signal and idler
photons respectively. The subscript j = 0, 1 again indicate temporal mode and c(α)
is the amplitude with which the process occurs.
The pump photons are at more or less half the wavelength of the generated pho-
tons making it easy to remove the pump-photons with either a filter or a wavelength
division multiplexer(WDM). The remaining photons are in an entangled state:(
bˆ†0cˆ
†
0 + e
iφbˆ†1cˆ
†
1
)
|vac〉si = |0, 0〉si + eiφ|1, 1〉si (5.2)
Let’s look at some of the properties of such a state. If one of the two photons
is measured at time t0(t1), this collapses the overall state onto a state where both
photons exist at time t0(t1) albeit that one of them was destroyed during measure-
ment. For example measuring photon A at time t0 makes a projection of the state
Ψ onto this result, the state |1, 1〉si is therefore eliminated the state of the second
photon is also completely determined. In other words, if both photons are measured
there will always be a perfect correlation between the measurement times. Look-
ing at each photon individually however the results cannot be predicted and are
probabilistically determined.
5.1.1 Bell-states
For two qubits it is possible to construct a complete orthonormal basis using four
maximally entangled states. These states are called the ‘Bell-states’:
|φ±〉 = 1√
2
(|0, 0〉ab ± |1, 1〉ab) (5.3)
|ψ±〉 = 1√
2
(|1, 0〉ab ± |0, 1〉ab) (5.4)
Since these states are a complete basis for two-qubit states it is also possible to
describe non-entangled or partially entangled states using the Bell-states. For the
states |ψ±〉 there is complete anti-correlation when detecting the photons instead of
the correlation as was shown in the last paragraph.
5.2 Other types of entanglement
As seen above the defining property of entanglement is inseparability. This can
be achieved with time-bins but many other forms of entanglement exist. Probably
the most commonly investigated type of entanglement is polarization entanglement,
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Figure 5.2: Top: Simplified scheme of a Bell-test. Bottom: Different conclusions
possible after performing a Bell-test.
where through a type II SPDC event two photons are created with orthogonal po-
larization, |Ψ〉=|HV 〉+|V H〉. Another type is energy-time entanglement, which can
be viewed as a ‘continuous-wave version’ of time-bin entanglement. In this thesis
only time-bin entanglement is used.
5.3 Tests of entanglement
As mentioned above, entangled states have very counterintuitive properties. The
correlation of seemingly random measurement results was something that met with
a lot of scepticism in the physics community. Notably A. Einstein is famously
quoted calling it “spooky action at a distance” and saw entanglement as a sign
that quantum physics was not complete[40]. The alternative theories required to
complete quantum mechanics are called local hidden variable theories (LHVT). The
debate on whether or not these are true got a new turn when Bell discovered an
inequality[41] that made it possible to test whether there really was “spooky action”.
Consider the following experiment (Fig. 5.2). Time-bin entangled photon-pairs
are split up and send to distinct locations. On each of these locations an analysis of
the incoming qubit is performed using an interferometer and detectors as explained
in chapter 2. The coincidence countrate between detector Ai and Bj is given by:
RAiBj(α, β, γ) = R0(1 + ijV cos(α+ β − γ)) (5.5)
where R0 is the average rate, both i, j equal ±1, the phases of the interferometers
are α, β and V is the visibility (value between 0 and 1). The phase γ of the entangled
qubits can be taken by definition to be zero. The correlation coefficient is defined
as follows:
E(α, β) =
∑
i,j ijRAiBj(α, β)∑
i,j RAiBj(α, β)
(5.6)
Combining the last two equations gives:
E(α, β) = V cos(α + β). (5.7)
In the experience described above this result can be easily tested. By varying the
phase of one of the analyzing interferometers the correlation coefficient should show
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Figure 5.3: A typical result for a Bell-test with time-bins. The fit shows Vnet =
0.94± 0.01
a sinusoidal behavior. However, this is not sufficient as a test for entanglement, since
LHVT can also show this behavior. The difference is in the maximum visibility that
can be achieved. This is where Bells work was important, as can be shown as follows.
One of the most frequently used forms of the Bell inequality is the CHSH-
inequality[42] and it goes as follows:
S = |E(α, β) + E(α, β′) + E(α′, β)− E(α′, β′)| ≤ 2 (5.8)
The maximum limit for quantum mechanics is reached when α = 0o, α′ = 90o, β =
−45o and β′ = 45o. When filling in these phases in eq. 9.5 one finds:
S = 2
√
2V ≤ 2 (5.9)
A value of V > 1√
2
implies violation of CHSH bell inequality and therefore the cor-
relations cannot be explained by LHVT. As illustration one of the many Bell-tests
performed during this thesis is shown (Fig. 5.3). Note that the maximum value
allowed by quantum physics is smaller than the maximum value allowed mathemat-
ically (Fig. 5.2), thus a large S could even disprove quantum mechanics, but such a
value has to our knowledge never been found.
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Chapter 6
Long distance entanglement
swapping [A]
6.1 Introduction
In the previous chapters a lot of the basic tools for QI and QC have been dis-
cussed. In the following chapters some experiments will be described that use these
techniques.
Entanglement swapping, also known as teleportation of entanglement, is a proto-
col in which two entangled pairs “swap” the entanglement between their constituent
parts. This creates the counterintuitive situation in which qubits can be entangled
without having had a common past. The general scheme (Fig. 6.1) shows how this
is done: first two entangled photon-pairs are created, one part of each pair is send to
a Bell-state analyzer (BSA) where a Bell-state measurement (BSM) is performed on
these photons. After a successful BSM the remaining photons are entangled, even
though they have no common history.
This protocol is not just interesting because of its fundamental implications, but it
also plays an essential role in applications such as a quantum repeater and quantum
relays, which are meant to increase the maximum distance at which QC works. The
first experiments with entanglement swapping were performed in 1998 and used
pairs of polarization entangled photons with λ = 800nm created with SPDC in a
single NLC[14]. The quality of this experiment was not sufficient to prove nonlocal
correlation (ie. no violation of Bell-inequality). Later a similar experiment was
performed which confirmed the non- locality of this protocol[43]. Experiments have
also been done using entanglement between a single photon Fock-state and the
vaccuum[44] and with continuous variable encoding[45, 46]. All of the experiments
done before have been experiments over short distances. We interest ourselves in
experiments that can be used to cover large distances.
We performed an entanglement swapping experiment optimized for long distance
use in standard telecommunication networks. For this reason time-bin quantum
entanglement was used with photons at 1310 and 1550nm. Furthermore the photon-
pairs were created in two separate crystals which were pumped by the same laser.
As a proof of principle the capabilities of the long-distance compatibility of this
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Figure 6.1: A scheme of the principle of entanglement swapping.
scheme were tested by adding additional fiber lengths to the experiment.
6.2 Entanglement swapping
Lets take a closer look at the entanglement swapping protocol. After the creation of
two entangled pairs the overall quantum-state of the system is for example: |Ψ〉abcd =
|φ+δ 〉ab ⊗ |φ−δ 〉cd where |φ±δ 〉ab = 1√2
(|0, 0〉ab ± eiδ|1, 1〉ab). The state |Ψ〉abcd can be
rewritten as follows:
|Ψ〉abcd = |φ+δ 〉ab ⊗ |φ−δ 〉cd (6.1)
=
1
2
(|φ+δ 〉bc ⊗ |φ−2δ〉ad (6.2)
+|φ−δ 〉bc ⊗ |φ+2δ〉ad
+|ψ+δ 〉bc ⊗ eiδ|ψ−δ 〉ad
+|ψ−δ 〉bc ⊗ eiδ|ψ+δ 〉ad)
where |ψ±δ 〉ab = 1√2
(|0, 1〉ab ± eiδ|1, 0〉ab). When a BSM is performed on photons b
and c the rest of the system is projected onto the result of this measurement and
thus photons a and d end up in one of the Bell-states as well. If the BSM finds
|ψ±δ 〉bc the remaining photons will be in the state |ψ∓δ 〉ad with a global phase factor
δ hence this phase is not important for |ψ±δ 〉bc. For the other cases the state will be
dependant on 2δ. This can be corrected with a unitary transformation for protocols
in which the same output state is required.
6.2.1 Experimental setup
The following experimental scheme was used (Fig. 6.2) to perform an entanglement
swapping experiment. A mode-locked femto-second laser with λ = 710nm creates
pulses with a length of about 200fs. These pulses are sent into an unbalanced bulk
Michelson-interferometer. The path length difference in this interferometer has been
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Figure 6.2: A scheme of the experimental setup used to perform the entanglement
swapping protocol.
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pump
possiblephotons
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possible photons
Figure 6.3: If the coherence length of photons created with SPDC is smaller than
the length of the pump pulse a distinguishability can arise. In this case the ‘dashed’
photon is distinguishable from the ‘non-dashed’ photon.
tuned to τ = 1.2ns which corresponds to a path length difference of 18cm back and
forth in air, or 12cm of standard optical fibers.
In our pump interferometer retro-reflectors are used which facilitate the use of
the input port as an output port without requiring a circulator. Each of the outputs
is sent to a separate Lithium-Triborate (LBO) non-linear crystal. SPDC creates
collinear non-degenerate photon-pairs at telecommunication wavelengths (1310 and
1550nm). At this point the overall state equals eq. 6.1: |Ψ〉abcd = |φ+δ 〉ab ⊗ |φ−δ 〉cd.
The difference between |φ+δ 〉ab and |φ−δ 〉cd is a result of the different amount of re-
flections in the interferometer. Note that the phase δ is automatically the same for
both pairs because of the use of a single pump interferometer.
The generated pairs are coupled into a single-mode fiber (SMF) where they are
separated using a wavelength division multiplexer (WDM). The photons at 1310nm
are both sent to the BSA , which in this case is just a simple 50/50-coupler. More
on the workings of this BSA in chapter 7.1. For the BSA to function it is required
that both incoming photons are completely indistinguishable in temporal, polariza-
tion and spectral modes. This is verified by first performing a Hong-Ou-Mandel
dip[47](HOM-dip) before the swapping experiment. This means scanning a variable
optical delay in order to minimize the amount of coincidences.
The photons at 1310nm are filtered with 5nm bandwidth interference filters in
order to increase their coherence time to 500fs and to assure that both have the same
spectrum. It is required to have coherence lengths longer than the pulse length in
order to assure temporal indistinguishability (Fig. 6.3).
The remaining photons each travel through 1.1km of dispersion shifted fiber and
are filtered with a 18nm bandwidth filter. This filtering is required in order not to
saturate the detectors with uncorrelated photons belonging to photon-pairs that do
not pass the wavelength requirements of the 1310nm filter. The entanglement of the
two remaining photons is analyzed by performing a Bell-test as explained in chapter
5.3. For this purpose two fibred Michelson-interferometers with Faraday-mirrors are
used. These mirrors have the advantage of automatically aligning the polarization
of the interferometers.
Since the experiment requires four-fold coincidences it takes a long time to finish a
measurement. It is required that the phases of the analyzing interferometers remain
constant during this time. This is guaranteed by having an active feedback system
that probes the phase of the interferometers from time to time using a stabilized
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Figure 6.4: An interferometer controlled with an active feedback loop.
diode-laser at a different wavelength. Adjustments of the phase are possible since
one of the arms in the interferometer is partially wrapped around a cylindrical piezo-
actuator. When changing the voltage over this piezo the optical length of the fiber
changes and thus the phase of the interferometer (Fig. 6.4). The phase of the pump-
interferometer is not stabilized in this experiment. This is not required since only
the phase difference between the pairs plays a role. Since both pairs pass trough the
same interferometer this difference is stable (see eq. 6.2).
In this experiment there are three different interferometers, one pump interfer-
ometer and two analyzing interferometers. It is important to align the lengths of
the different interferometers with each other. In order to do this two preliminary
experiments are performed. The first is a straightforward single photon interference
experiment. When putting both fiber interferometers in series and passing a photon
through them it is possible to find an interference fringe. By changing the lengths of
the fibers it is possible to optimize the visibility of this fringe and thereby aligning
both of the interferometers to within the coherence length of the photons. As a sec-
ond step these interferometers need to be aligned with the bulk interferometer. This
is done by performing and optimizing Bell-tests with an additional interferometer
for the 1310nm photons.
The photons are detected using APDs. One of the outputs of the 50/50-coupler is
sent to a Ge-diode cooled with liquid nitrogen and operated using passive quenching.
It has an efficiency of around 10% for 40kHz of dark counts. The three other photons
are detected using commercial id-200[34] detectors which are triggered InGaAs APDs
with an efficiency of around 30% and 10−4 darkcounts per ns of gate. The trigger
signal of these detectors is given by an electronic coincidence between a detection of
the Ge-APD and a reference signal from the mode-locked laser. This step eliminates
a large part of the noise of the passive detector. It is possible to do this since a pulsed
setup is used and therefore photons can only arrive at fixed times. The signals from
the InGaAs detectors are sent to a multichannel time-to-digital converter (TDC)
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Figure 6.5: Result of the entanglement swapping experiment showing a visibility
V=80% .
which uses the trigger signal as a start and the detection signals as stops. The
resulting digital signals are analyzed by computer to find the number of coincidences
for each setting of the interferometer phases.
6.2.2 Results and conclusions
In order to prove that conditionally on a successful BSA the photons a and d are
entangled we scan the phase of one of the interferometers and record the coincidence
counts. In theory this should show a sinusoidal dependance on the phase
Rc = R0 (1 + V cos(α + β)) (6.3)
with a visibility V. As shown in section 5.3 a visibility V > 1√
2
is sufficient to violate
the Bell- inequality. The result obtained in this experiment was V = 0.80 ± 0.04
(Fig. 6.5) which is sufficient to prove entanglement between the photons a and d.
The Bell-test done so far was only a test of entanglement swapping of states that
are on the equator of the Poincare´-sphere. In principle it should also be possible to
perform a swapping with the poles of the sphere. This can be analyzed by removing
the analysis interferometers from the setup. The result (Fig. 6.6) of this experiment
has a fidelity F of 0.90 ± 0.03(F = 1+V
2
) which proves that the poles can also be
swapped.
From these results it is possible to conclude that indeed we are capable of en-
tanglement swapping in a quantum relay configuration over large distances. The
approach taken for this experiment is very promising for new ”out-of-the-lab” ex-
periments and will be built upon later in this thesis.
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Chapter 7
Three Bell-state analyzer [B, C]
Up till now we have not discussed the functioning of one of the vital parts of an
entanglement swapping or teleportation experiment: the Bell-state analyzer (BSA).
In this chapter we will show how the BSA that was used in the previous chapter
functions and also a new type of BSA is discussed: the three Bell-state analyzer. A
quantum teleportation experiment is performed in order to demonstrate the func-
tioning of this new BSA.
7.1 Bell-state analyzers
As mentioned in the last chapter a BSA is a device that measures the quantum
state of two distinct input states in the Bell-basis |φ±〉, |ψ±〉. In general a BSA is
useful in many experiments, not only teleportation or entanglement swapping but
also for example quantum dense coding [48, 49]. There are different variations of
the BSA possible for different types of qubits, but in all quantum teleportation or
entanglement swapping experiments done to date using only linear optics and no
auxiliary resources a partial BSA was used[50, 12, 13, 14]. This is an analyzer not
capable of distinguishing all four Bell-states. For the protocols that interest us this
leads to a reduced success rate but is of no further consequence. Using linear optics it
is impossible to create a BSA that works more than 50 percent of the time without
the use of auxiliary modes[51, 52]. In principle it is possible to have a complete
BSA using non-linear optics[53] but since this is highly inefficient this is not a viable
option for most purposes. Here we will first show the most basic BSA followed by a
more complicated and capable analyzer.
7.1.1 Beamsplitter Bell-state analyzer
A BSA is a device in which different Bell-states at the input give a distinguishable
result, in other words it allows the detection of a Bell-state.
Lets consider the simplest manipulation that can be performed on two qubits,
simply detection of the inputs. The measurement will project the state one of
four possible states: |0, 0〉, |0, 1〉, |1, 0〉 or |1, 1〉. Since these four states form the
D1
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t
b
c
d
a
t 1 t 0
t
t 1 t 0
Figure 7.1: A scheme of the beamsplitter-BSA.
D1 00 11 01 0 0 1 1
D2 00 11 01 0 1 0 1
|φ+〉 1/4 1/4 1/4 1/4
|φ−〉 1/4 1/4 1/4 1/4
|ψ+〉 1/2 1/2
|ψ−〉 1/2 1/2
Table 7.1: The table shows the probability to find specific coincidences as a function
of the input Bell-state in the case of a single beamsplitter as a BSA. A ‘0’(‘1’) in row
D1 means that a photon was found at detector ‘D1’ at time t0(t1) etc. Note that
only half of the combinations of detection are possible for only one Bell-state(the
bold entries), therefore when such a combination is found a projection onto this
Bell-state was performed. The theoretical success-probability is 50%.
product basis this measurement does not permit a distinction between different Bell-
states. Now assume that before the detection the two input states pass through a
beamsplitter or fiber-coupler followed by detection (Fig. 7.1). In this situation it is
possible to calculate for each input which output states are possible and vice versa
using
aˆ†(t) → 1√
2
(
cˆ†(t) + idˆ†(t)
)
(7.1)
bˆ†(t) → 1√
2
(
icˆ†(t) + dˆ†(t)
)
(7.2)
For Bell-states as input the result of this simple calculation is shown in table 7.1.
By convention, a detection click at time ‘0’(‘1’) means that the photon was detected
in time-bin t0(t1).
The output possibilities show that it is possible to detect the Bell-state |ψ+〉 by
detecting two photons in the same detector with a time-bin difference, since this
result could not have been caused by any other Bell-state. For example detection of
both a ‘0’ and a ‘1’ in detector D1 equals the detection of the input as |ψ+〉.
When the photons arrive at different detectors with a time-bin difference, such
as D1 detects a ‘0’ and D2 a ‘1’ , the input-state is projected onto the state |ψ−〉.
However, when one measures two photons in the same time-bin in the same detector
the state could either be |φ+〉 or |φ−〉 and therefore the state has not been projected
onto a single Bell-state but onto a superposition of two Bell-states. In this case the
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Figure 7.2: General scheme of the three-BSA.
BSM was unsuccessful. Note that due to photon bunching the situation where both
photons exit a different path at the same time does not occur.
This BSA has a success rate of 50% which corresponds to the maximal possible
success rate that can be obtained while using only linear optics and no auxiliary
photons as mentioned above. When using realistic detectors the success rate of this
BSA is 25%. This reduced efficiency is caused by the deadtime of the detectors
which makes it impossible to detect one photon after another in a single detector
(see also Fig. 4.5). This means the BSA is only capable of detecting |ψ−〉. It
is possible to measure |ψ+〉 adding a switch and additional detectors in order to
simulate a rapid detector. From now on this BSA is referred to as a BS-BSA. Note
that the equivalent BSA for polarization encoded qubits is capable of a 50% success
rate since there are never two detections required by the same detector.
7.1.2 The three Bell-State analyzer
The 50% limit of success for a BSA doesn’t mean it is impossible to detect more than
two Bell-states. Here we introduce a new type of BSA. It is capable of distinguishing
more than two Bell-states while still having the maximum success rate of 50%. This
is possible by replacing the beamsplitter with a time-bin interferometer equivalent
to the ones used to encode and decode time-bin qubits (Fig. 7.2). We will call this
BSA a 3-BSA. This BSA is capable of distinguishing three out of four Bell-states,
but |φ+〉 and |ψ−〉 will only de discriminated 50% of the time as will be explained
shortly.
Two qubits enter in port a and b, respectively. The first beamsplitter acts like the
BS-BSA, allowing the distinction of two Bell-states (|ψ+〉 and |ψ−〉) if the photons
were detected. A second possibility for interference is added by another BS for which
the inputs are the outputs of the first BS, with one path having a delay corresponding
to the time-bin separation τ . The two-photon effects on this beamsplitter lead to
fully distinguishable photon combinations of one of the two remaining Bell-states
(|φ+〉) while still allowing a partial distinction of the first two.
One might expect that when it is possible to measure three out of four states
that the fourth, non-measured, state can simply be inferred from a negative mea-
surement result of the three measurable states. This is, however, not the case. The
above described measurement is a positive operator valued measure (POVM) with
21 possible outcomes, some of these outcomes are only possible for one of the four
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Bell-states. Therefore when such an outcome is detected it unambiguously discrim-
inates the corresponding input Bell-state. The rest of the 21 outcomes can result
from more than one input Bell-state. In other words, their results are ambiguous
and the input state is not projected onto a single Bell-state but onto a superposition
of Bell-states.
The state after the interferometer can be calculated for any input-state using:
aˆ†(t) → 1√
4
[−eˆ†(t) + eiθeˆ†(t+ τ) + ifˆ †(t) + ieiθfˆ †(t+ τ)] (7.3)
bˆ†(t) → 1√
4
[ieˆ†(t) + ieiθeˆ†(t+ τ) + fˆ †(t)− eiθfˆ †(t+ τ)] (7.4)
where iˆ†(j) is the creation operator of a photon at time j in mode i. When the
input-states are qubits and the photons are detected after the interferometers the
detection-patterns are readily calculated and are shown in Table 7.2. The output
coincidences on detectors D1 (port e) and D2 (port f) are shown as a function of
a Bell-state as input. By convention, a detection at time ‘0’ means that the photon
was in time t0 after the BSA-interferometer. This is only possible if it took the short
path in the BSA and it was originally a photon in time-bin t0 (Fig. 7.2). Similarly
a detection at time ‘1’ means that either the photon was originally in t1 and took
the short path of the BSA interferometer or it was in t0 and took the long path. A
detection at time ‘2’ means the photon was in t1 and took the long path. In Table
7.2 we see that some of the detection combinations corresponds to a single Bell-
state and therefore the measurement is unambiguous. For the other cases the result
could have been caused by two Bell-states, i.e. the result is ambiguous and hence
inconclusive. More specifically, the Bell-state |ψ+〉 is detected with probability 1,
|φ−〉 is never detected and both |ψ−〉 and |φ+〉 are detected with probability 1/2.
The above described approach is correct in the case were the separation τ of the
incoming qubits is equal to the time-bin separation caused by the interferometer. If
this in not exactly the case and the interferometer creates a time-bin separation of
τ + nλθ
2pic
, where θ is a phase, the situation is slightly more complicated. In such a
case, our BSA still distinguishes 3 Bell-states, but these are no longer the standard
Bell-states but are:
|φ′±〉 = |0, 0〉 ± e2iθ|1, 1〉 = (σθ ⊗ σθ)|φ±〉 (7.5)
|ψ′±〉 = eiθ(|0, 1〉 ± |1, 0〉) = eiθ|ψ±〉 (7.6)
Here σθ = |0〉〈0| + eiθ|1〉〈1| is a phase shift of θ to be applied to the time bin |1〉.
These new Bell-states are equivalent to the standard states except that the |1〉 is
replaced by eiθ|1〉 for each of the input modes.
In a realistic experimental environment the success probabilities of the BSA are
affected by detector limitations. Again this is because existing photon-detectors
are not fast enough to distinguish photons which follow each other closely in a
single measurement cycle. When including this limitation we find that the maximal
probabilities of success in our experimental setup are reduced to 1/2, 1/4 and 1/2
for |ψ′+〉, |ψ′−〉 and |φ′+〉, respectively. This leads to an overall probability of success
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Figure 7.3: General scheme of the quantum teleportation protocol.
of 5/16 which is larger by 25% than the success rate of the BS-BSA discussed in
section 7.1.
The detector-limitation could be partially eliminated by using a beamsplitter and
two detectors in order to simulate a rapid multi-photon detector half of the time,
or it could be completely eliminated by using an ultra-fast optical switch (sending
each time-bin to a different detector). Both of these methods are associated with a
decrease in signal-to-noise ratio. This is caused by additional noise from the added
detector and by additional losses from the optical switch, respectively. Note that
as was the case for the BS-BSA the polarization equivalent of the 3-BSA does not
encounter this problem.
7.2 Quantum Teleportation
In order to show the functioning of the 3-BSA we performed a teleportation-experiment.
The protocol is very similar to the entanglement swapping shown in the last chapter.
An entangled photon-pair is created and distributed, the qubit to be teleported is
sent to the BSA along with half of the entangled pair and a BSM is performed on
them. As a function of the result of this BSM a unitary transformation is performed
on the remaining photon which is then equal to the original qubit (Fig. 7.3). In the
case of the 3-BSA a small adaptation of the Bell-states and unitary transformations
is required to take account of the phase of the interferometer:
|ζabc〉 = |ζ〉a ⊗ |φ+〉 (7.7)
=
1√
4
(|ψ′+〉ab ⊗ e−iθσx|ζ〉c (7.8)
+|ψ′−〉ab ⊗ e−iθσxσz|ζ〉c
+|φ′+〉ab ⊗ σ2θ|ζ〉c
+|φ′−〉ab ⊗ σzσ2θ|ζ〉c
where |ζ〉 is the qubit to be teleported, σx is a bitflip and σz a phaseflip.
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Figure 7.4: Experimental setup used in teleportation experiment with the new type
of BSA.
The experimental setup (Fig. 7.4) used to perform the teleportation shows sim-
ilarities with the setup used for the entanglement swapping experiment in chapter
6. There are however a few important differences.
As a source for the entangled photons a similar setup is used as in the last chap-
ter. A mode-locked femtosecond laser sends bright laser pulses through an unbal-
anced interferometer followed by SPDC in a NLC. In contrast to the entanglement
swapping experiment it is required that the interferometer is stabilized. For this
purpose we use a high-stability HeNe-laser in a path slightly different from that
of the pulses. The path length is changed by a piezo connected to one of the retro
reflectors. This setup allows permanent feedback to stabilize the interferometer dur-
ing measurements in contrast with the fiber interferometers which cannot function
while the stabilization is done. Long term drifts are avoided by having the whole
interferometer in a temperature controlled box.
The source of the qubit is an adapted version of the entangled photon-pair source.
A part of the light from the mode-locked laser is diverted into a LBO crystal. This
creates a pair of photons through SPDC. The pair is coupled into a SMF and split-
up using a WDM. The photon created at 1550nm is discarded and the photon at
1310nm is send through a fiber interferometer. After the interferometer the photon
is in a qubit state. This interferometer is also stabilized in phase as in the last
chapter.
The BSA is either a BS-BSA, or a stabilized 3-BSA. The photons after the BSA
are detected using a liquid-nitrogen cooled GE-diode for one path and a triggered
ID-200 for the other path. The trigger of this last detector is again a coincidence
between a detection of the Ge and the laser. After a successful BSA the teleported
state is analyzed using a stabilized interferometer. By scanning the phase of this
interferometer it is possible to see an interference fringe in the coincidence countrate
as before. For each different result of the BSA (|ψ′−〉, |φ′±〉) a different fringe can
be seen.
As with the last experiment it is important for the BSA that all arriving photons
are identical. The filters used to assure wavelength indistinguishability had a spec-
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Figure 7.5: Left, 3-BSA: Graph showing the number of measured coincidences as a
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as a function of a change in the delayline [47]. The net visibility is V = 29± 3%.
tral width of 5nm. In order to align the path lengths before the BSA, and thereby
avoiding temporal distinguishability, a Hong-Ou-Mandel dip experiment was per-
formed for the case of the BS-BSA (Fig. 7.5). For the 3-BSA this is no longer
possible since the paths will again mix after the second coupler. However instead
of a decrease in coincidence counts it is possible to see an increase in counts for the
coincidences ‘00’ and ‘22’. The result of this alignment procedure is shown in fig.
7.5 and shows clear agreement with theory. Using this alignment it is possible to
adjust all path lengths so that teleportation is possible.
A second alignment procedure that is required is the alignment of the interfer-
ometers, this is done much the same as in the last chapter. The interferometers
are mutually aligned by performing several Bell-tests and single photon interference
experiments.
7.3 Results and conclusion
Two different types of teleportation experiments were performed. A BS-BSA tele-
portation in order to benchmark our equipment followed by an 3-BSA experiment.
The BS-BSA teleportation consisted of Bob making a scan of his interferometer
phase while the other interferometers were kept constant, we therefore expect to
find a single interference curve of the form 1+V sin(β+β0) where β0 = −γ+α is a
constant, γ is the phase of the bulk interferometer and α the phase of the qubit in-
terferometer. The results of the experiment (Fig. 7.6) shows the expected behavior.
The visibility measured was V = 57% ± 3%. After conservative noise substraction
we find V = 83% ± 4%. This is clearly higher than the strictest limit that has
been associated with quantum teleportation of V=2/3[54, 55] and shows that the
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Figure 7.6: The result of the teleportation experiment using a BS-BSA. Vraw =
57%± 3% and Vnet = 83%± 4%.
quantum state has been teleported. The limiting factors of this experiment are the
detectors and the coupling after the crystals.
After this experiment the BS-BSA was changed to the 3-BSA. For each of the
different possible results of the 3-BSA we analyzed the results separately (Fig. 7.7).
It is expected that each of the BSA outcomes has its own fringe of the form 1 +
V sin(α+α0) where α0 is a function of β, θ and γ which are kept constant during the
experiment. The fringes for outcomes that belong to the same Bell-state should be in
phase, whereas between states there is a phase difference depending on phaseshifts,
phaseflips or bitflips. The results show the expected behavior, although the matches
are not perfect. The curves ‘20’,‘02’ are in phase as are the curves ‘01’,‘10’ and
‘12’,‘21’. The last four curves are expected to be in phase but there is a phase
difference caused by noise (an extensive noise analysis is given in article [C]). The
visibilities in the curves are shown in Table 7.3. The difference in visibilities are in
part due to noise. Note the average relative phases of all curves corresponds within
its error to the expected phase differences.
If we add all the before mentioned outcomes of the BSA in order to look at the
complete teleportation we expect interference fringes after Bob’s interferometer of
the form 1±cos(α+β−γ) for a projection on |ψ′+〉, 1±cos(α+β−γ+pi) for |ψ′−〉and
1 + cos(α − β + γ − 2 ∗ θ) for |φ′+〉. Hence one would expect to find three distinct
curves, two with a phase difference of pi, and the third dephased by −2∗ (β−γ+ θ).
Where α, β, γ and θ are the phases of Alice, Bob, the entangled pair preparation
interferometer and the BSA measurement interferometer respectively.
Note that one can set the phase γ to 0 as reference phase and that Bob is able
to derive the phase value θ of the BSA interferometer just by looking at the phase
differences between the fringes made by |ψ′±〉 and |φ′+〉 and his knowledge about β.
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Figure 7.7: Measured coincidance counts as a function of phase. Left: BSA-results
‘01’, ‘10’, ‘12’ and ‘21’. Right: BSA-results ‘02’ and ‘20’. The fringe for BSA-results
‘11’ is shown in Fig. 7.8 as |ψ+〉.
Result 3BSA Vraw Vnet ρraw ρnet Praw Pnet
|ψ+〉
|01〉 35± 3 61± 6 98 ± 4 -81±5 13±1 14±1
|10〉 43± 3 83± 13 159 ± 4 126±8 11±1 13±1
|12〉 18± 3 72± 7 160 ± 7 -22±4 14±1 7±1
|21〉 13± 2 55± 2 97 ± 9 136±1 17±1 10±1
|φ+〉 |11〉 43± 3 64± 13 -44 ± 3 -18±10 29±1 41±1
|ψ−〉 |02〉 39± 5 62± 10 -49 ± 4 153±8 8±1 6±1|20〉 38± 4 36± 8 -32 ± 4 -80±12 9±1 9±1
|ψ+〉 22± 1 51± 3 -49 ± 3 -49± 3 54±1 43±1
|φ+〉 43± 3 69± 10 136 ± 3 139± 7 29±1 41±1
|ψ−〉 38± 5 55± 3 140 ± 6 136± 3 17±1 15±1
Table 7.3: For each of the different detection possibilities the fitted result are shown
before and after noise correction.‘V ’ refers to the Visibility (%), ‘ρ’ to a phase-shift
(degrees) and ‘P’ to the normalized probabilities of a coincidence detection (%) .
The results for the Bell-states are fitted after adding the corresponding coincidences.
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Figure 7.8: Uncorrected teleportation fringes found when scanning the interferom-
eter at Bob. The fitted curves have visibilities of 0.22,0.43 and 0.38 for |ψ′+〉, |φ′+〉
and |ψ′−〉. The average visibility of the BSA is Vavg = 0.34 (F=0.67).
In Fig. 7.8 we show the raw coincidence interference fringes between Bob and a
successful BSA. As expected fringes for |ψ′−〉 and |ψ′+〉 have a pi phase difference
due to the phase flip caused by the teleportation. On the other hand fringes for
|ψ′+〉 and |φ′+〉 are dephased by −2(β+ θ) which in this case we had arranged to be
approximately 0. The raw visibilities obtained for the projection on each Bell-state
are Vψ− = 0.38±0.05, Vψ+ = 0.22±0.01, Vφ+ = 0.43±0.03 which leads to an overall
value of V = 0.34±6 (F = 0.67±3). In order to check the dependence of |φ′+〉 on θ
we also performed a teleportation with a different value and we clearly observe the
expected shift in the fringe (Fig. 7.9) while measuring similar visibilities.
After noise correction the results correspond well with theoretical predictions.
The visibilities of the different curves are similar within their errors (see table 7.3).
The difference in phase between |ψ′+〉 and |ψ′−〉 (189o±9o) corresponds with theory
(180o). Also, since the phases were arranged so that θ+ β = 0, the fringe of |φ′+〉 is
in phase with |ψ′−〉 (phase difference of 4o ± 9o). The normalized probabilities of a
measurement show that |ψ′+〉 and |φ′+〉 have the same probability (43% resp. 41%)
and these values correspond with the theoretical value of 40%. The probability of
|ψ′−〉 is 15% with a theoretical value of 20%. These agreements with theory suggest
that the discrepancies as seen for the individual results are caused by differences in
noise that cancel out when they are added to each other.
From the results shown above we can conclude that indeed the 3-BSA functions
as expected. It is therefore possible to detect more than two Bell-states using only
linear optics without auxiliary photons. The 3-BSA is in principle more efficient
than a BS-BSA but because of the added losses caused by the interferometer the
BS-BSA has a higher rate. If for the protocol it is not required to have more than
two Bell-states a BS-BSA should be used. Otherwise the 3-BSA can be used. It
is still unknown whether all four Bell-states can be probabilistically discriminated
using only linear optics and no auxiliary modes.
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Figure 7.9: Teleportation fringes measured in two distinct measurement with a θ
which had changed by 70 ± 10o. In the measurement a clear shift is visible of the
fringe |φ′+〉 by 74o with regards to the other fringes.
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Figure 7.10: Results of the 3-BSA experiment corrected for noise.
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Chapter 8
Out-of-the-lab Teleportation [D]
[P1-P3]
8.1 Introduction
The goal of QC is the distribution of quantum states between different locations. So
far the experiments discussed have all been experiments that were done in the same
lab, albeit in a configuration ready for work outside the lab. To prove that these
techniques work as well outside of a controlled laboratory environment we performed
a teleportation experiment between our lab and a Swisscom (Swiss national telecom
provider) switching station.
8.2 Experimental improvements
Quantum teleportation experiments have been performed that use optical fiber to
simulate a distance[13] or that are ‘out-of-the-lab’ but without prior entanglement
distribution and creation [58, 56]. No experiment has been performed which uses
prior entanglement distribution outside of the laboratory. This means the Bell-state
measurement always took place before the remaining photon was distributed. In all
experiments a single laser pulse was used to create all photons. We performed the
following experiment in which all these points were addressed.
The setup (Fig. 8.1) consists of a femtosecond laser at 711nm. The pulses coming
from this laser are split in two using a variable coupler. One part is sent through an
unbalanced bulk interferometer (stabilized as before using a stable HeNe) followed
by SPDC in a LBO NLC. The other part of the laser is send through another LBO
NLC again to create photon-pairs using SPDC. The created photons are separated
from the pump photons using Si-filters and coupled into SMFs. A WDM is used to
split the pairs.
The pair of photons created after the interferometer is time-bin entangled. The
photon at 1310nm is sent to a rudimentary quantum memory, namely a fiber with
a length of 179.7m on a spool. The photon at 1555nm is sent out of the lab to a
Swisscom switching station. For this purpose a dedicated fiber is used. The fiber is
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Figure 8.1: Scheme of the experimental setup. The Swisscom location was a switch-
ing station located 550m from the laboratory. QM stands for quantum memory, in
this case a long fiber on a spool. PBS stands for polarizing beamsplitter
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Figure 8.2: Photograph of the area around the laboratory. In the bottom left corner
is our lab while in the top right corner is the Swisscom switching station. The
distance between them is about 550m whereas the fiber in between them has a
length of 800m
a standard single-mode telecommunications fiber as used throughout the Swisscom
network. The length of the fiber is 800m while the physical distance between the
lab and the switching station is 550m (Fig. 8.2).
From the other source of photons the 1310nm photon is sent into an optical delay,
in this case a fiber with a length of 177m. The difference in length between the two
fiber spools is adjusted so that it corresponds to a single cycle of the mode-locked
laser. In other words, the photons pairs that will be used for the BSA are not created
by the same pulse but by two subsequent pulses. This is a step towards independent
photon-pair sources[57, 59]. The photon at 1555nm of this pair is detected by an
id200 single photon detector. This detector serves as a heralding detector and is of
no influence on the teleportation protocol other than allowing an improvement of
the SNR at the cost of a reduced coincidence rate.
After the 177m fiber QM the photon passes through a stabilized unbalanced fiber
interferometer such as those described earlier in this thesis (Fig. 6.4). Only at this
point is the qubit encoded onto the photon. Since this only takes place after the
delay the 1555nm photon that has been send to the Swisscom station has already
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Figure 8.3: Result of the Hong-Ou-Mandel experiment used to align the fiber lengths
in the setup. The two different dips are for coincidences at two different time, namely
‘00’ and ‘11’. The raw visibilities are V00 = 0.25± 0.02 and V11 = 0.26± 0.02.
left the lab at this point.
The 1310nm photons are sent to a BS-BSA. The detectors in this BSA are again
a Ge-diode and an id200 InGaAs-diode. The trigger for the InGaAs is given by
coincidences between the laser and a click on the Ge-diode. If the BSA is successful
a signal is sent to the Swisscom station though an optical fiber different from the
quantum channel. This signal will trigger the detector used at the switching station.
The 1555nm photon that was sent to the switching station is first sent into another
quantum memory (fiber on spool). After this the photon is sent through a stabilized
interferometer which is used to analyze the result of the teleportation. The photon
is detected using an id200 InGaAs detector which was triggered by the result of the
BSA. The countrate is registered by computer.
All the stabilization of the interferometers is done locally. Since the fiber interfer-
ometers cannot be used during stabilization a TCP/IP link was used to perform the
stabilization of all the interferometers at the same time. This technique optimizes
the duty cycle of the experiment.
In order for the BSA to function the incoming photons are filtered to an identical
5nm spectrum. Furthermore alignment of the fiber lengths is tested by performing
HOM-dip experiments as explained in the previous chapters. Its result (Fig. 8.3)
show clear indistinguishability of the photons with corrected visibilities near the
maximum of 1
3
. Note that the photons used for this HOM-dip are not created by
the same pulse because of the difference in the fiber delays.
This experiment requires one additional stabilization. Since the photons need
to arrive on the BSA at the same time the length of the delay fibers they travel
through should remain stable. However fluctuations in temperature mean that the
length and refractive index of the fibers are not constant. In order to minimize the
effects of these fluctuation both fibers were placed in a common isolation box so
that fluctuations were equal for both spools. Two effects remain that influence the
time of arrival. First of all the repetition frequency of the mode-locked laser has a
small dependance on temperature. Second, the fluctuation of the 2.7m difference in
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Figure 8.4: Two measurements showing the stability of the setup. The squares show
the coincidence rate ‘00’ if no stabilization is applied. The graph shows that at the
beginning there is photon bunching but there is a loss of alignment which increases
the rate. The circles show that with stabilization the alignment remains correct
length of the fiber spools isn’t automatically compensated. In order to compensate
for both effects it is possible to adjust the bulk optical delay line used in the path
which creates the qubit to be teleported. It was empirically determined that by
measuring the repetition frequency of the mode-locked laser and moving the delay
0.07µm /Hz the setup was sufficiently stable to perform a teleportation (Fig. 8.4).
8.3 Results and Conclusions
A first experiment was performed that didn’t use the heralding detector in order to
have larger countrates. The phases of all interferometers were locked except for the
analyzing interferometer which was deterministically scanned using the piezo in one
of its paths. In order to reduce statistical errors each measurement point took 53
minutes of acquisition. The result (Fig. 8.5) shows a raw visibility Vraw = 0.46±0.06.
It is possible to measure various detector noises that influence the measurement.
When correcting for these problems a net visibility Vnet = 0.92±0.13 is found. This
value is higher than the strictest limit that has been associated with teleportation
of V = 2/3 (cloning limit)[54, 55].
A second experiment was performed with the heralding detector as an additional
constraint. The result (Fig. 8.6) also clearly shows the expected sinusoidal behavior
with raw visibility Vraw = 0.87 ± 0.07 which also is higher than V = 2/3. Since
the noise-rate in this experiment was very low it wasn’t possible to measure the net
visibility.
From these results it is possible to conclude that we performed a quantum tele-
portation protocol outside the lab. This experiment is very close to being a quantum
relay which is usable in a ‘real world’ setting. The only point that is missing is that
it is not yet possible to separate the qubit source and the entanglement source since
they rely on the same laser. The next chapter will show a method which might one
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Figure 8.5: Result of the teleportation experiment. The fit shows a net visibility of
Vnet = 0.92± 0.13
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Figure 8.6: Result of the teleportation experiment when using a heralded qubit-
source. The raw visibility is Vraw = 0.87± 0.07.
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day allow a teleportation with multiple lasers.
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Chapter 9
Synchronized photon sources [E]
9.1 Introduction
Consider the following situation: two independent photon-pair sources are used to
perform an entanglement swapping experiment. For the BSM it is required that
photons coming from the two sources are completely indistinguishable. This means
that the time of arrival at the BSM has to be identical for both photons. In other
words the coherence length must be longer than the temporal uncertainty. In order
to achieve this most experiments use pulsed synchronized sources as shown in pre-
vious chapters. The synchronization is achieved by using a single laser pulse which
generates two photon-pairs in one crystal in a back-and-forth configuration[12] or in
two separate crystals each of which creates one pair[58]. In the previous chapter we
also showed the use of two crystals and different laser pulses. Although such systems
are practical they are not sufficient when trying to do long range experiments. If
it is desired to have photon-pair sources at different locations, the use of only one
laser would mean sending high-power pulses through optical fibers. The pulses will
be distorted in the fibers by different effects and also compensation for path length
fluctuations is required.
One logical alternative would be to use two different pulsed lasers which are
synchronized. Innovative experiments on this subject have been done[57, 59] that
have shown that in principle it is possible to create indistinguishable photons with
independent lasers. However, neither of the techniques developed in these experi-
ments can be easily used to truly make a quantum repeater. In the first case[57] the
two independent sources had a common optical element, making it impossible to
physically separate both sources. And in both experiments the photons have short
coherence lengths, making the system very sensitive to path length fluctuations and
drifts of repetition frequency and adding difficulty to synchronization at distance.
When using optical fibers at telecommunication wavelengths these path lengths can
fluctuate up to the order of several millimeters per day[60]. In terms of jitter this
corresponds to several picoseconds. Therefore an active control of path length is
required. As an alternative the next sections show our efforts in making separable
sources that are useful for quantum repeaters and have a high tolerance against
these path length fluctuations. Another interesting approach is using continuous
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Figure 9.1: Effects of a displacement on the overlap between two functions. The top
two images show a clear reduction of the overlapping area (black) of two identical but
displaced functions when their displacement is increased. The bottom two graphs
show a less important reduction since the functions are wider.
wave sources[61], this has its own particularities and won’t be discussed here.
9.2 Narrow-band photons
An important parameter for the quality of synchronization is jitter. One can easily
imagine that the quality of a BSA is greatly reduced if one or both sources have a
large jitter because this introduces temporal distinguishability between the created
photons. If we assume the use of pulsed lasers and parametric-downconversion to
create photon-pairs several different sources of jitter can be identified. First of all
there is the intrinsic jitter, every laser has a certain uncertainty in the time of
emission of a pulse. This jitter is minimal in a free-running modelocked-laser but
can be important in pulsed diode-lasers. Second, there is a timing jitter which is
created by the synchronization system itself. Finally there is the path-length jitter as
mentioned before. Obviously an effort has to be made to limit all of these quantities,
but one method to overcome them all is to increase the coherence length of the
photon-pairs(Fig. 9.1) since this will effectively reduce the jitter per pulsewidth.
The result of such a change is best illustrated by calculating the visibility of a
HOM-dip.
Consider the probability P of photon bunching when two identical photons arrive
at a different time on a beamsplitter.
Pbunch =
1
2
∗
((∫
f ∗(t)f(t+ τ)dt
)2
+ 1
)
(9.1)
where f(t) is the amplitude of the temporal distribution function of the photon and
τ is the difference of arrival time. When assuming a gaussian distribution for the
photons we find:
f(t) =
√
Ne−8ln2
t2
w2 (9.2)
Pbunch =
1
2
((
N
∫
e−
8ln2
w2
(t2+(t+τ)2)dt
)2
+ 1
)
(9.3)
=
1
2
(
e−
4ln2
w2
τ2 + 1
)
(9.4)
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here N is a normalization factor and w is the FWHM of Pbunch. It is convenient to
rewrite this last formula in dimensionless units:
∆ ≡ τ
w
(9.5)
Pbunch =
1
2
(
e−4ln2∆
2
+ 1
)
(9.6)
where ∆ is the amount of FWHMs the photons arrive apart.
When considering jitter the time-of-arrival difference will fluctuate. There is a
probability Pj to find the photon at a delay ∆ of:
Pj(∆, wj) =
2
wj
√
ln2
pi
e
−4ln2∆2
w2
j (9.7)
where we assumed a gaussian distribution with FWHM wj. When performing a
standard HOM-dip experiment with these parameters the average visibility of the
system equals
V =
∫
Pj(∆, wj)V (∆)d∆ (9.8)
=
∫
Pj(∆, wj) (2Pbunch(∆)− 1) d∆ (9.9)
=
2
wj
√
ln2
pi
∫
e
−4ln2∆2
(
1
1+w2
j
)
d∆ (9.10)
=
1√
1 + w2j
(9.11)
This result shows (Fig. 9.2) a clear decrease of the visibility as a result of time-of-
arrival jitter. It also shows that some jitter can be tolerated without a dramatic
loss in visibility as long as wj remains small. The limit on the overall jitter at which
it is still possible to see a visibility high enough to violate Bell’s inequality when
performing Bell-tests (
√
0.5) is a jitter equal to the FWHM of the displacement per
pulse length.
If we consider Fourier limited gaussian pulses the pulse width is given by the
coherence length lc.
lc =
2ln2
pi
λ20
∆λ
(9.12)
where λ0 the central wavelength and ∆λ the spectral FWHM. In order to increase
the coherence length and thus effectively reducing wj the only viable option is to
have a very small ∆λ. The generation of photon-pairs with SPDC usually creates a
large spectrum which can easily exceed several dozens of nm. At telecommunication
wavelengths (λ0 = 1550nm) such a spectrum corresponds to coherence lengths of
the order of 10−5m which is not enough since in previous experiments path length
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Figure 9.2: Visibility as a function of wj. A visibility of
√
0.5 corresponds to wj = 1
(dashed lines).
fluctuations of up the several mm were found. One obvious approach is to use only
a small part of the spectrum generated by the source (spectral filtering).
If coherence lengths of the order of a cm are desired extremely narrow filters
are required. The filters used for our experiment are a combination of a fiber-
bragg-grating(FBG) and a phase-shifted FBG. The phase-shifted FBG has an Airy-
function shaped transmission spectrum with a width of about 40pm (ωi). The
rejection of other wavelengths only works for a couple of nm so in order to filter
them a standard FBG is used (Fig. 9.3). This combination is cascaded so it is
possible to select pairs of photons, the second filter combination has a transmission
width of 120pm (ωs). The two transmission wavelengths are symmetrically located
around the pump wavelength (ωp).
In order to have a well defined correlation between the wavelengths of the photon-
pairs it is required to filter the pump-photons. Since we use large coherence lengths
the relatively large pulse length of the pump pulses is not a problem[62].
The visibility of a HOM-dip directly shows the maximum visibility that can be
achieved in other QC experiments such as entanglement swapping. This makes
it a very useful test, however other methods can also be used to show that two
sources are synchronized. One alternative is to perform a cross-correlation measure-
ment. This has the advantage that it is a lot simpler but the disadvantage that
it only test the synchronization and not the other important parameters such as
indistinguishability. It can be done by passing light form two sources through a
non-linear crystal(NLC) cut for type II phasematching. When both pulses arrive at
the same time in the NLC there will be frequency-doubling with an intensity de-
pendant on their overlap. Assuming gaussian functions this means that the FWHM
of the detectable frequency-doubled light is equal to wfd =
√
w2s1 + w
2
s2 + w
2
j where
wfd, ws1, ws2 and wj are the FWHM for the frequency-doubled light, first source,
second source and the synchronization jitter respectively. In order to find the value
of wj it is required to first measure the pulse lengths ws1 and ws2 using an auto-
correlation measurement. This is similar to the cross-correlation but both sources
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Figure 9.3: Narrow band filters. ps-FBG is a phase-shifted FBG. Cascaded filters
are required because the rejection of the ps-FBGs is only a few nm wide. The
combination between a FBG and a ps-FBG results in a very narrow transmission
spectrum. The transmission wavelengths ωs and ωi are symmetrically located around
ωp. The illustration on the right is exaggerated to better show the principle, in reality
the two transmission spectra are very close to the center of the input spectrum.
are one half of a single pulse.
9.3 Pulsed sources
It is important for quantum communication to have ‘simple’ entanglement sources.
With this in mind we developed a photon-pair source based on a pulsed laser diode,
instead of the more common bulky mode-locked lasers(Fig. 11.1). The diode pro-
duces pulses with a FWHM of about 25ps at a wavelength of 1550nm. The power of
the diode is 20µW. This power is not enough for the type of photon sources we would
like to build. In order to increase the pump power the light is send through two
Er-doped fiber pre-amplifiers. After this the noise is filtered by a variable FBG. The
resulting pulses are then send into the main Erbium amplifier. The pulses are send
trough a PPLN crystal which trough upconversion generates 2mW of the desired
light at 775nm with a spectral width of 0.4nm.
The other source used for the experiments is a more conventional modelocked-
laser(MIRA) generating picosecond pulses with a wavelength of 775nm, bandwidth
of 1nm and a pulse length of about 5ps. The synchronization of these two sources
was performed using a Master-Slave configuration. For this purpose a small part
of the output of the mode-locked master laser was sent to a fast diode. The signal
from this diode is used to trigger the slave diode-laser.
9.4 Tests of synchronization
In order to test the synchronization jitter of our sources a cross-correlation mea-
surement (Fig. 9.5) was performed. It consists of combining the output of the
diode-based laser with the mode-locked laser on a polarizing beamsplitter(PBS).
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Figure 9.4: Representation of the diode-laser source. A pulsed laser diode with a
wavelength λp = 1550nm and a power of 20µW is used. The pulses are sent into two
Erbium pre-amplifiers in series. The resulting pulses are filtered by a FBG in order
to remove the undesired amplified spontaneous emission (ASE). This light is then
sent through the main Erbium amplifier. The resulting pulses are strong enough
(≈ 350mW) for frequency doubling in a PPLN crystal. The resulting wavelengths
are spatially separated using a prism.
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Si-APD
Figure 9.5: Experimental setup used to measure correlations. Two pulses of light
are combined on a BBO NLC. If both pulses arrive at the same time there is up-
conversion creating light which can then be measure with a Si-APD. It is possible
to combine light from a single source (auto-correlation) or two different sources
(cross-correlation).
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Figure 9.6: Results of the cross- and auto-correlation measurements. top: Cross-
correlation with a gaussian fit FWHM=8.27mm. bottom-left: Autocorrelation of the
diode-based source, fitted pulsewidth FWHM=6.2mm. bottom-right: Autocorrela-
tion of the mode-locked source, fitted pulsewidth FWHM=1.5mm. Note that the
fitted width is equal to the convolution of the involved pulses.
The mode-locked laser had a large variable optical delay-line which was scanned
in order to change the difference of time of arrival of the two sources on the PBS.
Behind the PBS there was an BBO-crystal cut for type-II parametric downconver-
sion. Such a crystal is also efficient for upconversion of two 775 photons to a single
387.5nm photon. These blue photons were separated from the other wavelengths
with a prism and measured using a Si-APD. The delay was scanned while recording
the countrate. The result of this measurement (Fig. 9.6) shows a FWHM of 8.3mm
(28ps). This length corresponds to a combination of jitter and pulse widths so in
order to know the jitter it is also required to measure the pulse lengths. This was
done with a setup similar to the cross-correlation but the two inputs of the PBS
now came from the same source. The measured pulse widths were 1.5mm (5.0ps)
and 6.2mm (20.7ps) (Fig. 9.6). Using these measurements it is possible to calculate
the jitter, ωj=18ps (5.9mm).
The jitter found in the cross-correlation experiment puts a minimal limit on the
pulse width required to find a high visibility in a HOM-dip. From its value it is
possible to conclude that if a visibility greater then 95% is desired pulse lengths of
about 20mm (67ps) are required. The filters described in section 9.2 are used to
achieve a coherence length of lc = 2.6cm
Other than measuring jitter through cross-correlation we also performed a HOM-
dip. The setup(Fig. 9.7) consisted of the same two sources as used for the cross-
correlation measurement. The light from these sources was send into PPLN-waveguides
in order to produce pairs of photons through SPDC. These pairs were send into opti-
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Figure 9.7: Experimental setup used to measure a HOM-dip with independent
sources. The photons combine at the 50/50 beamsplitter and will bunch depending
on the delay-line.
cal fibers, filtered using the filters described above and then send to a 50/50 coupler.
The large variable delay in the path of the mode-locked laser was scanned and the
photons detected. The resulting coincidence countrates (Fig. 9.8) show a visibility
V = 0.26 ± 0.5, and a spectral width corresponding to w = 38.0 ± 0.9pm. Note
that the maximum visibility that can be found is again 1
3
because the sources are
probabilistic[63]. Unfortunately it is difficult to make a conclusion about the distin-
guishability caused by jitter from this value of V . Either the visibility is reduced by
jitter or by other factors. The FWHM of the dip corresponds to the expected value,
if jitter would have caused a loss in visibility the width would also have increased
so the value found for the width suggests that the loss of visibility is caused by
something else than the jitter.
In order to test whether the cause of the low visibility was jitter we also performed
a HOM-dip using only the MIRA as pump. In this setup there is minimal jitter
from the pump photons. The result (Fig. 9.9) of this experiment shows a visibility
V = 0.22 ± 1.5, and w = 38.9 ± 3.8pm. These two results combined lead to the
conclusion that the loss of visibility is not caused by jitter and therefore the sources
presented in this chapter can be useful for future experiments with separated sources
if the limiting factor of the visibility is eliminated. Furthermore it suggests that the
loss of visibility is caused by the mode-locked laser.
In order to test wether we could distribute the signal between the master and
slave laser an optical transmission line was build. We used a small laser-diode with
a wavelength of 1550nm to generate an optical pulse from the electrical trigger signal.
This pulse is send through one km of fiber before being detected by a PIN-diode.
This signal is amplified and used as the trigger. The results above include this trigger
distribution showing that it is possible to distribute the trigger signal between two
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Figure 9.8: Measured HOM-dip using two independent and separable sources.
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locations. For experiments with more than 2 sources it would be very interesting
to use a distributed clock. This experiment doesn’t investigate this option but it
would be a possibility for the near future.
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Chapter 10
Other contributions
In this chapter some of the other contributions made for this thesis are briefly dis-
cussed, more details can be found in the corresponding articles[F-G]. The first section
concerns a alternative type of photon-pair source and the second section is about
some fundamental tests of physics involving Bell-tests in particular configurations.
10.1 Semiconductor waveguide source [F]
As has been shown in the last chapter it is possible to synchronize photon-pair
sources pairs for QC protocols by creating narrow-band sources. Ideally such sources
are small and easily integrated into existing systems. In this section we will briefly
look at the results of a collaboration of our group with the group of G.Leo et al.
in Paris. The subject of this collaboration was the construction of a source of twin
photons in semiconductors.
10.1.1 Introduction
Parametric generation of photon pairs using semiconducting waveguides has a couple
of potential advantages over the other techniques used in this thesis.
1. Room-temperate operation
2. Waveguide structure enhances collection efficiency (similar to PP waveguides)
3. Counter-propagating photons eliminate need for WDMs
4. Smaller optical spectra
5. Pump-photons are not in guided mode (vertical pumping)
6. Possible integration with other semiconductor techniques on same chip
This last advantage is especially interesting if one imagines such a source combined
with a vertical cavity surface emitting laser (VCSEL). The ultimate goal would thus
indeed be a small completely integrated source which only needs to be plugged into
a power supply.
67
Figure 10.1: Left: Schematic representation of the experimental setup. Right: The
result of the TAC measurement shows a clear peak with a FWHM of 750ps. The
flat background is caused by detector noise counts and luminescence photons.
10.1.2 Experiment
The semiconductor waveguide is a multilayered AlGaAs-waveguide of 4µm width
and 2mm length on top of a GaAs substrate. The setup (Fig. 10.1) uses vertical
pumping. This means that contrary to PP waveguide sources, as discussed in pre-
vious chapters, the pump light is not coupled into the waveguide but impinges on
it from the top. In order to illuminate almost the entire sample a cylindrical lens is
used to create a cigar-shaped mode-profile. The pump is a Ti:sapphire pulsed laser
which provides 100W peak power at 768.2nm with a 3kHz repetition rate and 100ns
pulses. Note that the use of vertical pumping minimizes the probability of detecting
a pump photon at the end of the experience.
The conversion of the pump photon into the signal and idler is done by type-II
SPDC (Fig. 10.2) using counterpropagating phasematching[64, 65, 66]. The conser-
vation of momentum is maintained since the difference between the two generated
photons corresponds to the lateral component of the pump photons. Two differ-
ent type-II processes can happen. One in which the TM component goes in the
z-direction and one in which it goes in the opposite direction. These two processes
have different output spectra caused by the birefringence of the multilayered geom-
etry.
In order to show the twin character of the generated photon pairs a time to
amplitude converter (TAC) was used. Both photons were detected using InGaAs
detectors in GMO. The trigger for the detectors was synchronized with the laser
emission. By using one detector as start for the TAC and the other as stop one
would expect to find a single peak with a width corresponding to a combination of
pulse width and detector jitter. This behavior was verified and the width of the peak
(750ps) was found to be essentially due to the detection jitter. The flat background
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Figure 10.2: Generation of counterpropagating photon-pairs in a waveguide. (a) A
photon at frequency ωp impinges on the waveguide with angle θ and is converted
into two photons with frequency ωs and ωi. (b) The conversion is type-II and
momentum is conserved in longitudinal direction (z) for appropriate values of ~ks
and ~ki. (c) Tuning curves show a change of wavelength is possible by changing the
angle θ.
is caused by dark counts of the detector and photons emitted by the substrate of
the waveguide structure. This last contribution can be eliminated by removing the
substrate. This source currently generates about one pair per pulse, which is more
than required for current QC experiments. Unfortunately the low repetition rate is
a significant drawback which
The next step in this research could be the inclusion of other semi-conductor
techniques in order to reduce the required pump power and to integrate a VCSEL.
If this succeeds this could be an important step towards truly portable sources for
QC.
10.2 Entanglement and waveform collapse [G]
When is a quantum measurement finished? This little question has no clear answer
in quantum theory and many different interpretations exits, such as the “many-
worlds” interpretation[67]. Unfortunately it is not yet possible to test the different
theories although progress is being made in this field[68, 69]. One particular pos-
sibility assumes that a quantum measurement is made before space-time gets into
a superposition of different geometries[70, 71]. If we follow this theory the time of
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Figure 10.3: Experimental setup used for Bell-test.
collapse of the wavefunction is given by:
tD =
3~V
2piGm2d2
(10.1)
where G is the gravitational constant and m is the mass of an object with volume
V that moved a distance d. According to this theory the measurement of a photon
doesn’t provide a rapid collapse of the wavefunction since it only involves movement
of tiny masses (electrons). This leads to the conclusion that none of the Bell-test
done to date involved space-like separated events[72].
An experiment can be done to close this loophole. By moving a significant mass
every time a detector finds a click the wavefunction can be forced to collapse rapidly.
If the two collapses happen space-like separated there can be no communication
slower or at light speed between both parties. We performed such an experiment
were the mass was a small mirror (m = 2mg, V = 0.9mm3) moved by a piezo
actuator (d = 15nm). The scheme of the experiment (Fig. 10.3) shows a continuous
wave single mode diode laser, with a power of 2.7mW and a wavelength of 785.2nm,
used to pump a PPLN-waveguide. The photon-pairs created here are coupled into
a SMF and the pump is removed using a Si-filter. The photon pairs are separated
using two FBGs with a width of 1nm and two circulators. One photon is sent
approximately east towards a town called Jussy (17.5km of fiber, 10.7km distance)
and the other towards Satigny (13.4km fiber plus 4.1km of fiber on a spool, 8.2km
distance). At each of these locations there is an unbalanced interferometer with a
path length difference of 1.3ns. After the interferometers the photons are detected
using InGaAs APDs triggered by a synchronization signal coming from the lab in
Geneva. Wherever there is a click in an APD a signal is sent to the local piezo
which moves the mass. The phase of one of the interferometers was scanned by
scanning its temperature. The resulting interference fringes(Fig. 10.4) shows a raw
visibility V = 0.905 ± 0.015 which clearly violates the Bell-inequality (V ≤ 1√
2
).
This experiment therefore closes the locality loophole even if we assume a quantum
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Figure 10.4: Result of a scan of one of the interferometers. The fitted curve has a
raw visibility Vraw = 0.905± 0.15.
measurement isn’t finished until there is movement of a significant mass.
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Chapter 11
Conclusions
In conclusion we presented several experiments aiming towards the realization of
quantum communication protocols such as a quantum relay in a real world situ-
ation outside the lab. In order to allow this timebin encoding was used for our
qubits because of its robustness and photons at telecommunications wavelengths as
a medium due to their capability to travel large distances in optical fibers.
In this thesis we first described an entanglement swapping experiment performed
inside the laboratory. Its success (V = 0.80 ± 0.04) showed that the techniques
developed might also work for out of the lab experiments. In order to demonstrate
the long distance capability of this experiment 2 ∗ 1.1km of standard single mode
optical fiber were used.
After this experiment we tested a new type of Bell-tate analyzer. Instead of
measuring only one Bell-state the new method is capable of measuring three Bell-
states, albeit probabilistically. The results of this teleportation experiment prove the
functioning of the analyzer. For out-of-the-lab experiments the system doesn’t have
enough benefits to outweigh the additional losses which are unavoidable in its use.
Fundamentally this experiment is interesting since it tested timebin teleportation
with different Bell states. Furthermore there might be protocols for which it is
interesting to measure multiple Bell states.
Following this experiment we performed the first teleportation experiment outside
the laboratory in which there was distribution of the entangled pair prior to the
creation of the qubit. This is more proof showing that our techniques are robust
enough to work independently outside the lab. The only factor of this experiment
which makes it unscalable to a multi-location quantum relay is the fact that a single
laser source was used.
As a next step we investigated the possibilities of using multiple laser sources.
In order to create sufficient tolerance against jitter and path length fluctuations
we created pulsed sources of photon-pairs with narrow bandwidths. The coherence
length of these photons is of the order of several cm which makes these sources
interesting for future experiments.
Some other contributions made during this thesis involved the testing of new
sources of photon-pairs in semiconductor waveguides. These sources might one day
be used as small integrated sources for many entanglement experiments. Further-
more work was done on fundamental test of physics by performing Bell-tests with
moving masses and by setting a high lower bound on the hypothetical speed of
quantum information in all possible reference frames.
11.1 Outlook
The work done for this thesis is a step towards the realization of a true quantum
repeater with multiple locations capable of creating entangled states separated by
very large distances. Once such an experiment is done that would be an important
milestone for the field of quantum communication. It would mean that the realiza-
tion of a global quantum web would merely be a question of economic forces and
political will. Also it will allow truly private communications around the world that
are provably secure.
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Re´sume´ Franc¸ais
Le de´but de la physique quantique se trouve dans les premie`res anne´es du vingtie`me
sie`cle. Max Planck avait de´couvert qu’on pouvait expliquer le spectre e´mis par une
source thermique en postulant des quanta d’e´nergie. Albert Einstein a ensuite aussi
utilise´ cette ide´e pour expliquer l’effet photo-e´lectrique avec des quanta de lumie`re,
aujourd’hui connus sous le nom de photons.
Dans les dernie`res de´cennies l’inte´reˆt des physiciens pour la physique quantique a
grandi au-dela` d’un inte´reˆt purement fondamental. Une nouvelle ide´e, introduite par
S. Wiesner, e´tait d’utiliser les proprie´te´s typiquement quantiques comme ressource.
Cette ide´e a pris des ailes quand P. Shor a` de´couvert un algorithme quantique pour
factoriser des nombres premiers. Depuis cette ide´e s’est de´veloppe´e dans une nouvelle
avenue de recherche: la communication et l’informatique quantique.
L’informatique quantique est le terrain de recherche qui utilise les proprie´te´s
quantique pour faire des ordinateurs quantiques ou encore des simulations quan-
tiques. L’algorithme de Shor mentionne´ ci-dessus est l’algorithme qui explique le
mieux l’inte´reˆt de ces ordinateurs. En effet, par ce nouvel algorithme il est possible
de factoriser une grand chiffre N en ses facteurs premiers. Sur un ordinateur clas-
sique cette ope´ration est tre`s difficile et prends un temps exponentiel par rapport a`
la largeur du chiffre. Avec l’algorithme de Shor il est possible de faire la meˆme taˆche
sur un ordinateur quantique dans un temps polynomial. Cette possibilite´ aura des
conse´quences e´normes sur les me´thodes de cryptographie actuelle.
La communication quantique sert a` distribuer des e´tats quantiques entre plusieurs
endroits. Ceci sera requis pour un re´seau quantique le jour ou` les ordinateurs quan-
tiques seront communs. Dans une pe´riode moins lointaine, il est possible de faire de
la distribution quantique de clefs. Ceci permet a deux lieus de partager une se´rie des
bits ale´atoires en secret. Combine´ avec l’encodage a` masque jetable (aussi appele´
chiffre de Vernam ou, plus commune´ment en anglais, “one-time pad”) ceci donne
une forme de cryptographie absolument suˆre et inviolable.
A` premie`re vue on pourrait s’imaginer qu’il est simple de distribuer un e´tat
quantique. On prend un photon, on le mets dans l’e´tat de´sire´ et on l’envoie par une
fibre optique. On attends que le photon arrive de l’autre cote´ et voila`, l’e´tat a e´te´
distribue´. Malheureusement des me´thodes aussi simples ne fonctionnent pas pour
des distance qui nous inte´resse a` cause des pertes dans les fibres optiques. Pour
la communication classique ceci n’est pas un proble`me car il suffit de mettre des
amplificateurs de signaux dans le chemin. Pour les e´tats quantiques par contre une
telle amplification est malheureusement impossible. Ceci peut eˆtre de´montre´ par le
the´ore`me de non-clonage.
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Il y a une solution a` ce proble`me. Il est possible d’utiliser un re´pe´teur quantique.
Dans un re´pe´teur les e´tats quantiques ne sont pas amplifie´s mais te´le´porte´s vers leur
destination finale. Utiliser plusieurs re´pe´teurs en se´rie permet de franchir de grandes
distances. Pendant cette the`se plusieurs expe´riences ont e´te´ faites pour tester les
possibilite´s de fabriquer un re´pe´teur quantique.
Premie`rement, nous avons fait une expe´rience de te´le´portation d’intrication. L’intrication
est la proprie´te´ qu’ont deux e´tats quantique de ne pas pouvoir eˆtre de´crits se´pare´ment.
Nous avons re´ussi a` te´le´porter cette proprie´te´ d’un photon a un autre. Ce faisant,
nous avons cre´e´ la situation tre`s contre-intuitive ou` deux photons sans aucune his-
toire commune ne peuvent eˆtre de´crits qu’ensemble.
Notre expe´rience a utilise´ des photons aux longueurs d’onde utilise´es par les
compagnies de te´le´communications et en codage temporel. Cette combinaison en
fait un syste`me ide´al pour atteindre des longues distances. Notre expe´rience a
montre´ une te´le´portation d’intrication sur une distance de 2.2 km de fibre optique
en laboratoire.
Ensuite, nous avons e´tudie´ et de´veloppe´ une nouvelle me´thode pour faire des
mesures des Bell, la partie le plus importante d’un protocole de te´le´portation.
Jusqu’ici, tous les syste`mes pour faire ces mesures ont e´te´ partiels. En ge´ne´ral il
n’est possible de de´tecter que 2 des 4 e´tats de Bell. Nous avons de´veloppe´ un syste`me
qui permet de mesurer 3 des 4 e´tats de Bell. Pour montrer le fonctionnement de ce
syste`me nous l’avons utilise´ dans une expe´rience de te´le´portation.
Apre`s avoir compris et maitrise´ toutes ces techniques, nous avons fait la premie`re
expe´rience de te´le´portation hors du laboratoire qui distribue les e´tats intrique´e avant
de cre´er le qubit a` te´le´porter. Nous avons fait ceci sur une distance de 800m, entre
notre laboratoire et une station de relais de Swisscom. Cette expe´rience a finalement
prouve´ que les techniques que nous avons de´veloppe´s sont suffisamment robustes
pour fonctionner hors du labo. Le seul de´faut de cette expe´rience est que les deux
sources de photons e´taient encore pompe´es par le meˆme laser.
La dernie`re expe´rience de cette the`se essaie d’adresser le proble`me des paires de
photon toujours cre´es au meˆme endroit. Nous utilisons un syste`me de deux lasers
inde´pendants dans une configuration Maˆıtre-Esclave. Le signal d’horloge du maˆıtre
est envoye´ avec une fibre optique et il est donc possible de vraiment se´parer les deux
sources. Pour avoir une bonne tole´rance contre la gigue des signaux optiques et les
changements de longueur de chemin nous utilisons des filtres tre`s fin pour avoir des
photons a` large bande. Pour montrer le fonctionnement de nos sources nous avons
fait une expe´rience d’agglome´ration de photons.
Des re´sultats de toutes les expe´riences faites pendant cette the`se nous pouvons
conclure que nos techniques sont tre`s utiles pour des expe´riences de te´le´portation
hors des laboratoires. Nous avons commence´ le chemin pour faire un ve´ritable relais
quantique dans le futur.
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Appendix
This appendix takes a closer look at the amplification of the diode-based source used
in chapter 9. The general scheme of the source is shown again in figure 11.1.
Diode
Laser
Pre-
amplifier
Main
amplifier
FBG
PPLN
Figure 11.1: Representation of the diode-laser source. A pulsed laser diode with a
wavelength λp = 1550nm and a power of 20µW is used. The pulses are sent into two
Erbium pre-amplifiers in series. The resulting pulses are filtered by a FBG in order
to remove the undesired amplified spontaneous emission (ASE). This light is then
sent through the main Erbium amplifier. The resulting pulses are strong enough
(≈ 350mW) for frequency doubling in a PPLN crystal. The resulting wavelengths
are spatially separated using a prism.
In the next series of images the spectra after each step of the amplification process
shown. The system was empirically optimized to get high power short pulses.
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Figure 11.2: Spectrum of the diode-laser
1520 1540 1560
1E-8
1E-7
1E-6
1E-5
1E-4
1E-3
1535.8 1550.9
P
ow
er
(m
)
Wavelength (nm)
 After 1st Amplifier
1.2E-4
1.5E-5
x8
9.9E-7
x121
Figure 11.3: Spectrum after the first Erbium pre-amplifier. The small peak is the
amplification of the signal coming from the diode laser. The background is caused
by amplified spontaneous emission (ASE). There is a lot more power in the ASE
then in the main peak.
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Figure 11.4: Spectrum after the second Erbium pre-amplifier. The amplified pulses
are well above the level of ASE.
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Figure 11.5: Spectrum after the FBG. The level of ASE is reduced and a small part
of the amplified emission is selected.
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Figure 11.6: Final spectrum after the main Erbium amplifier. One powerful peak
with some fine structure.
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Figure 11.7: Example of the spectrum after the conversion in the PPLN. The struc-
ture of this final spectrum depends heavily on the setting of the FBG.
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Long-distance entanglement swapping with photons from separated sources
H. de Riedmatten, I. Marcikic, J. A. W. van Houwelingen, W. Tittel, H. Zbinden, and N. Gisin
Group of Applied Physics, University of Geneva, Geneva, Switzerland
sReceived 6 September 2004; published 31 May 2005d
We report the experimental realization of entanglement swapping over long distances in optical fibers. Two
photons separated by more than 2 km of optical fibers are entangled, although they never directly interacted.
We use two pairs of time-bin entangled qubits created in spatially separated sources and carried by photons at
telecommunication wavelengths. A partial Bell-state measurement is performed with one photon from each
pair, which projects the two remaining photons, formerly independent onto an entangled state. A visibility high
enough to infer a violation of a Bell inequality is reported, after both photons have each traveled through
1.1 km of optical fiber.
DOI: 10.1103/PhysRevA.71.050302 PACS numberssd: 03.67.Hk, 42.50.Dv, 42.81.2i
Quantum theory is nonlocal in the sense that it predicts
correlations between measurement outcomes that cannot be
described by theories based solely on local variables. Many
experiments confirmed that prediction using pairs of en-
tangled particles produced by a common source. It is only in
1993 that Zukowski and colleagues f1g noticed that this
“common source” is not necessary: nonlocality can manifest
itself also when the measurements are carried out on par-
ticles that have no common past, but have been entangled via
the process of entanglement swapping. It consists of prepar-
ing two independent pairs of entangled particles ssee Fig. 1d,
and to subject one particle from each pair sB and Cd to a joint
measurement called Bell-state measurement sBSMd. This
BSM projects the two other particles sA and Dd, formerly
independent, onto an entangled state that may exhibit nonlo-
cal correlations. Let us emphasize that this kind of quantum
nonlocality cannot be used to signal faster than light. There
is thus no direct conflict with relativity. In the entanglement
swapping process this aspect goes as follows. Initially, par-
ticles A and D have independent pasts, hence share no cor-
relation sexcept possibly for some classical correlationd.
They share quantum nonlocal correlations only after their
twins B and C have been jointly measured and only condi-
tioned on the outcome of this measurement: without the con-
ditioning they appear as independent. Hence, as long as the
classical information about the joint measurement outcome is
not available, no nonlocal correlation can be observed.
Besides its fascinating conceptual aspect, entanglement
swapping also plays an essential role in the context of quan-
tum information science. It is for instance the building block
of protocols such as quantum repeaters f2,3g or quantum re-
lays f4–6g proposed to increase the maximal distance of
quantum key distribution and quantum communication. It
also allows the implementation of a heralded source of en-
tangled photon pairs f1g. Finally, it is a key element for the
implementation of quantum networks f7g and of linear optics
quantum computing f8g. More generally, coherent manipula-
tions of several quantum systems, as in a BSM, are essential
for all quantum computing and simulation processes.
Experimental demonstration of entanglement swapping
has been reported in 1998, using two pairs of polarization
entangled qubits encoded in photons around 800 nm created
by two different parametric down conversion sPDCd events
in the same nonlinear crystal f9g. The fidelity of this experi-
ment was, however, insufficient to demonstrate nonlocal cor-
relations. In 2002, an improved version allowed a violation
of a Bell inequality f10g, thus confirming the nonlocal char-
acter of this protocol. More recently, an experiment with qu-
bits entangled in the Fock basis sone photon with the
vacuumd has been reported f11g. However, it involves only
two photons instead of four. All the experiments realized so
far have demonstrated the principle of entanglement swap-
ping over short distances sof the order of a meterd. However,
most applications in quantum communication require this
process to happen over large distances. A promising ap-
proach for this purpose is to use the existing network of
optical fibers. However, none of the previously demonstrated
schemes was well adapted for this task.
In this paper, we present the experimental demonstration
of entanglement swapping with a quantum architecture opti-
mized for long-distance transmission in optical fibers. We
use two pairs of time-bin entangled qubits encoded in pho-
tons at telecommunication wavelengths created by PDC.
This type of encoding has been proven to be robust against
decoherence in optical fibers f12g and has been used to
achieve long-distance quantum teleportation in optical fibers
f6,13g. Contrary to the previous swapping experiments in-
volving four photons f9,10g, the two pairs are created in spa-
tially separated sources although pumped by the same laser.
As a proof of principle of the robustness of this scheme, we
demonstrate entanglement swapping over more than 2 km of
FIG. 1. Scheme of principle of entanglement swapping.
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optical fiber. For this purpose, a partial BSM is performed
onto one photon from each pair, entangling the two remain-
ing photons which have each traveled over separated 1.1 km
spools of optical fiber. Entanglement is verified using a two-
photon quantum interference conditioned on a successful
BSM.
Time-bin entangled qubits can be seen as photon pairs
created in a coherent superposition of two emission times
with a well-defined relative phase f14g. They are created first
by splitting a laser pulse into two subsequent pulses using an
unbalanced interferometer called a pump interferometer. One
photon pair is then created by PDC. The down converted
photons originate from the two pulses with a relative phase
d, hence the photon pair quantum state is uf+sddl=c0u0,0l
+eidc1u1,1l, where u0, 0l corresponds to a photon pair cre-
ated in the early time bin and u1, 1l to a photon pair created
in the delayed time bin, with c0
2+c1
2
=1. In our experiment,
we employ two spatially separated sources of entangled pho-
tons. In one of these sources, we create a state uf+sddlA,B,
while in the other one we create a state uf−sddlC,D= uf+sd
+pdlC,D. Initially, the two photon pairs are independent and
the total state can be written as the tensor product: uCABCDl
= uf+sddlAB ^ uf−sddlCD This state can be rewritten in the
form.
uCABCDl =
1
2
fuf+lBC ^ uf−s2ddlAD + uf−lBC ^ uf+s2ddlAD
+ uc+lBC ^ eiduc−lAD + uc−lBC ^ eiduc+lADg , s1d
where the four Bell states are uf±sddl=1/˛2su0,0l
±eidu1,1ld and ucs±dl=1/˛2su1,0l± u0,1ld. When photons B
and C are measured in the Bell basis, i.e., projected onto one
of the four Bell states, photons A and D are projected onto
the corresponding entangled state. Note that when photons B
and C are projected onto the state uc+l or uc−l, the state of
photons A and D is independent of the phase d, which ap-
pears only as a global factor. This means that in this case, the
creation process is robust against phase fluctuations in the
pump interferometer and pump-laser wavelength drifts f15g.
Hence, this experiment can also be considered as a spostse-
lectedd heralded source of entangled photon pairs robust
against phase fluctuation in the preparation stage f16g. If,
however, photons B and C are projected onto the state uf+l
or uf−l the state of photons A and D depends on twice the
phase d. In our experiment, we make a partial BSM, looking
only at projections of photons B and C onto the uc−l Bell
state. Another interesting feature to note is that all the four
Bell states are involved in the experiment, since we start
from uf+l and uf−l states, and make a projection onto the
uc−l state, which projects the two remaining photons onto the
uc+l state.
A scheme of our experiment is presented in Fig. 2. Fem-
tosecond pump pulses are sent to an unbalanced bulk Mich-
elson interferometer with a travel time difference of t
=1.2 ns. Thanks to the use of retroreflectors, we can utilize
both outputs of the interferometer, which are directed to spa-
tially separated lithium triborate sLBOd nonlinear crystals.
Collinear nondegenerate time-bin entangled photons at tele-
communication wavelengths s1310 and 1550 nmd are even-
tually created by PDC in each crystal. Because of the phase
acquired at the beam splitter in the pump interferometer there
is an additional relative phase of p between the terms u0, 0l
and u1, 1l in the second output of the interferometer. This
explains why a state uf+sddl is created in one crystal while a
state uf−sddl is created in the other one.
The created photons are coupled into single-mode optical
fibers and deterministically separated with a wavelength-
division multiplexer sWDMd. The two photons at 1310 nm s
B and Cd are subject to a partial BSM using a standard 50-50
fiber beam splitter f17g. It can be shown that whenever pho-
tons B and C are detected in different output modes and
different time bins, the desired projection onto ucs−dlBC is
achieved f18g. For this kind of measurement, the two incom-
ing photons must be completely indistinguishable in their
spatial, temporal, spectral, and polarization mode. The indis-
tinguishability is verified by a Hong-Ou-Mandel experiment
f19,20g. The two photons at 1310 nm are filtered with 5 nm
bandwidth interference filters sIFd in order to increase their
coherence time to 500 fs, larger than the pump pulse’s dura-
tion s200 fsd, which is necessary in order to make the pho-
tons temporally indistinguishable f21g.
The two photons at 1550 nm, filtered to 18 nm bandwidth
sA and Dd, each travel over 1.1 km of dispersion shifted fiber
sDSFd. Their entanglement is then analyzed with two fiber
Michelson interferometers with the same travel time differ-
ence as the pump one. The phase of each interferometer can
be varied with a piezoactuator sPZAd. Since the demonstra-
tion of entanglement swapping necessitates the detection of
four photons, the coincidence count rate is very low. This
requires the ability to perform interferometric measurements
over an extended period of time and thus asks for a drastic
FIG. 2. Experimental setup. The pump laser is a mode-locked
femtosecond Ti-sapphire laser producing 200 fs pulses at a wave-
length of 710 nm with a repetition rate of 75 MHz. After the crys-
tals, the pump beams are blocked with silicon filters sSFd. The
Faraday mirrors sFMd are used to compensate polarization fluctua-
tions in the fiber interferometers.
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improvement in the setup stability, compared to our previous
experiments f6,13g. In order to control the phase, and to ob-
tain a sufficient long-term stability, the fiber interferometers
are actively controlled using a frequency stabilized laser sDi-
cosd and a feedback loop on the PZA. The phase of each
fiber interferometer is probed periodically and is locked to a
user-defined value f12g. This technique allowed us to obtain
excellent stability tested over up to 96 h. Note that the pump
interferometer requires no active phase stabilization.
The photons are detected with avalanche photodiode
sAPDd single-photon detectors. One of the 1310 nm photons
sdetector C1d is detected with a liquid-nitrogen-cooled Ge
APD sNECd, with an efficiency of around 10% for 40 kHz of
dark counts. The three other photons are detected with
InxGa1−xAs APDs sid-Quantiqued with an efficiency of 30%
for a dark count probability of around 10−4 per ns. The trig-
ger signal for those detectors is given by a coincidence be-
tween the Ge APD and the emission time of the pump pulses.
The coincidence events between different detectors are re-
corded with a multistop time-to-digital converter sTDCd. The
coincidence between the Ge APD and the emission time of
the laser is used as “Start” while the other APDs are used as
“Stops.” Note that the classical information about the BSM
is delayed electronically by roughly 5 ms, corresponding to
the travel time of the 1550-nm photons inside optical fibers.
Hence, the swapping process is completed only when the
photons are already 2 km apart. A homemade program al-
lows us to register any combination of coincidence count rate
between the four detectors, which is useful to characterize
the stability of the whole setup during the measurement pro-
cess. In our experiment, the average pump power for each
source was about 80 mW, leading to a probability of creating
an entangled pair per laser pulse of around 6%.
If entanglement swapping is successful, the two photons
A and D at 1550 nm should be in the entangled state ucs+dl,
conditioned on a projection on the ucs−dl Bell state. However,
as real measurements are imperfect, there will be some noise
that we suppose will be equally distributed between all pos-
sible outcomes. Hence, the created state can be written as
r = F2ucs+dlkcs+du +
1 − F2
3
sucs−dlkcs−du + ufs+dlkfs+du + ufs−dl
3kfs−dud = Vucs+dlkcs+du +
s1 − Vd
4
1 , s2d
where V is the visibility and F2 the two-qubit fidelity defined
as F2= kcs+durucs+dl. V is related to F2 as
V =
4F2 − 1
3
. s3d
The Peres criteria f22g shows that the two photons are en-
tangled si.e., in a nonseparable stated if V.1/3, and conse-
quently if F2.1/2. It can also be shown that the Clauser-
Horne-Shimony-Holt Bell inequality can be in principle
violated if V.1/˛2 f23g ssee also f12g for an experimental
demonstration with time-bin entangled qubitsd.
To verify the entanglement swapping process we perform
a two-photon interference experiment with the two photons
at 1550 nm, conditioned on a successful BSM. This is done
by sending photons A and D to two interferometers. The
evolution of ucs+dl in the interferometers is
ucs+dl → u0A,1Dl + eiau1A,1Dl + eibu0A,2Dl + eisa+bdu1A,2Dl
+ u1A,0Dl + eiau2A,0Dl + eibu1A,1Dl + eisa+bdu2A,1Dl ,
s4d
where uiA , jDl corresponds to an event where the photon A is
in time bin i and the photon D is in time bin j. A photon
traveling through the long arm of an interferometer passes
from time bin i to time bin i+1. If the arrival time difference
between photons A and D are recorded, Eq. s4d shows that
there are five different time windows, with Dt= tA− tB
= h0, ±t , ±2tj. This is in contrast with previous experiments
using time-bin entangled qubits in the state ufs±dl, where
only three time windows were present ssee, e.g., f12gd. If
only the event with Dt=0 is selected, there are two indistin-
guishable events leading to a coincident count rate,
Rc , 1 + V cossa − bd , s5d
where V is the visibility of the interference which can in
principle attain the value of 1, but is in practice lower than 1
due to various experimental imperfections. Figure 3 shows a
measurement of two-photon interference. The plain squares
represent coincidences between photons A and D, without
conditioning on a BSM as a function of the phase of one
interferometer. The fact that the coincidence count rate does
not vary significantly with the phase is a confirmation that
the two photons are completely independent in this case.
However, if we now condition on a successful BSM sopen
circlesd, we see a sinusoidal variation with a fitted raw si.e.,
without noise subtractiond visibility of s80±4% d, leading to
a fidelity F2 of s85±3.25% d, high enough to demonstrate
teleportation of entanglement and to infer a violation of a
Bell inequality with the swapped photons by more than two
standard deviations. Note that the visibility obtained here is
FIG. 3. Two-photon interferences for swapped photons, as a
function of the phase of one interferometer. The plain squares rep-
resent the detection between photons A and D, without conditioning
on the BSM. The errors bars are too small to be represented. The
open circles represent four-photon coincidences, i.e., two-photon
interference conditioned on a BSM.
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significantly higher than the one obtained in previous dem-
onstrations of long-distance quantum teleportation f6,13g.
Hence, in this case the teleported entanglement can be used
directly for quantum communication purposes, without fur-
ther purifying. The whole measurement lasted 78 h, which
demonstrates the robust character of our scheme. The non-
perfect visibility of the interference fringe is attributed
mainly to the limited fidelity of the BSM. The main limiting
factor is the nonvanishing probability of creating multiple
photon pairs in one laser pulse, due to the probabilistic na-
ture of PDC f20,24g. The visibility could be improved by
reducing the pump power but this would reduce the four-
photon coincidence count rate. Note that the key parameters
in order to increase the four-photon coincidence count rate
without degrading the correlations are the quantum efficien-
cies of detectors and the coupling efficiencies into the single-
mode fibers.
In summary, we have reported the demonstration of en-
tanglement swapping over long distance in optical fibers. We
used two pairs of time-bin entangled qubits encoded into
photons at telecommunications wavelengths and created in
spatially separated sources. The visibility obtained after the
swapping process was high enough to demonstrate a telepor-
tation of entanglement and to infer a violation of Bell in-
equalities with photons separated by more than 2 km of op-
tical fibers that have never directly interacted. This
constitutes a promising approach to push quantum teleporta-
tion and entanglement swapping experiments out of the labo-
ratory, using the existing optical-fiber network.
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as positive operator valued measurements. A teleportation experiment was performed to demonstrate its
functionality. We also present a teleportation experiment with a fidelity larger than the cloning limit.
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FIG. 1. A schematic representation of the new type of Bell-
state measurement. When two qubit states are sent into a time-
bin interferometer the output state is a mixture of photons in two
directional modes and three temporal modes. By looking at
certain combinations of these photons a Bell-state measurement
can be performed for three different Bell states.A Bell-state analyzer (BSA) is an essential part of
quantum communications protocols such as a quantum
relay based on quantum teleportation [1–7], entanglement
swapping [8,9], or quantum dense coding [10,11]. It has
been shown that, using only linear optics, a BSA for qubits
has a maximal success rate of 50% when no auxiliary
photons are used [12,13]. This, however, does not limit
the number of Bell states one can measure, but only the
overall success rate. A complete BSA could be achieved
using either nonlinear optics [14] or using continuous
variable encoding [15,16]. However, each of these two
alternatives carry some significant drawback. The nonlin-
ear optics approach has exceedingly low efficiency; while
continuous variable encoding has the disadvantage that
postselection is not possible. Note that postselection is a
very useful technique that allows one to use only ‘‘good’’
measurement results and straightaway eliminate all others
without the need for a lot of computing power [17].
Today’s optimal BSA schemes based on linear optics for
qubits are only able to detect two out of four Bell states
[2,6,8,9], or are able to detect more than two states but not
optimally [18]. Here we present a novel scheme for a BSA
which achieves the 50% upper bound of success rate, but
can distinguish three out of the four Bell states. We dem-
onstrate this scheme in a quantum teleportation experiment
at telecom wavelengths. The new BSA is inspired by,
although not limited to, the time-bin implementation of
qubits, and is thus fully compatible with the field of quan-
tum communications [19].
At first, one may think that detecting 3 out of 4 Bell
states provides a full BSA. Indeed, if the BSA would
consist of a standard von Neumann projective measure-
ment, then the fourth Bell state would merely correspond to
the nondetection of the 3 others. But our BSA is a new
example of the power of generalized quantum measure-
ments, it uses a positive operator valued measurement
(POVM) with 21 possible outcomes. Some outcomes of
this POVM (see Fig. 1) correspond to one of the 3 Bell
states that can be distinguished unambiguously and thus
detect this state. The others correspond to inconclusive
results. More specifically, the Bell state j i is always06=96(13)=130502(4)$23.00 13050detected, ji is never detected, while j i and ji
are detected with a 50% success rate.
In previous BSAs, the main method was to use a beam
splitter followed by detectors to determine the input Bell
state. We replace this standard approach by a time-bin
interferometer equivalent to the ones used to encode and
decode time-bin qubits (Fig. 1) [19]. The two photons of
the Bell state enter in port a and b, respectively. In a BSA
using only a beam splitter, one is able to distinguish
between   but not , since in the later case the two
photons will experience photon bunching but this interfer-
ence does not contain the phase information that distin-
guishes  from . In our case, the first beam splitter
acts like above, but we introduce a second interference
possibility between the two photons on the second beam
splitter. This second interference allows one to distinguish
more than just two Bell states. The input modes a and b
evolve in the interferometer as follows (see Fig. 1):
a^ yt ) 1
4
p e^yt  eie^ytt  if^yt  ieif^ytt; (1)
b^ yt ) 1
4
p f^yt  eif^ytt  ie^yt  ieie^ytt; (2)
where i^yj is a photon at time j in mode i. Using these2-1 © 2006 The American Physical Society
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FIG. 2 (color online). A rough overview of the experimental
setup. The fiber interferometers shown here are in reality
Michelson interferometers; for the interferometer in the BSA
two circulators are used to have two separate inputs and outputs.
Not shown in the figure is the method used for stabilizing the
interferometers.
TABLE I. The table shows the probability to find any of the 21 possible coincidences as a function of the input Bell-State. A 0 in row
D1 means that a photon was found at detector ‘‘D1’’ and at a time corresponding to the photon having taken the short path in the
interferometer and it was originally a photon in time-bin t0, a 1 corresponds to t0  1  with  corresponding to a the difference
between the time-bins, etc., Note that several combinations of detection are possible for only one Bell-state(the bold entries), therefor
when such a combination is found a Bell-state measurement was performed. The theoretical probability of a successful measurement is
0.5 which is the optimal value using only linear optics [12].
D1 00 11 22 01 02 12 0 2 1 1 0 1 2 0 2
D2 00 11 22 01 02 12 0 2 1 0 1 2 1 2 0
ji 1=16 1=16 1=16 1=16 1=8 1=8 1=2
ji 1=16 1=16 1=4 1=4 1=16 1=16 1=8 1=8
j i 1=8 1=8 1=8 1=8 1=8 1=8 1=8 1=8
j i 1=4 1=4 1=8 1=8 1=8 1=8
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the interferometer as a function of any input state.
These output coincidences in ports e and f, i.e., on
detectors D1 and D2, are summarized in Table I. By
convention, a photon detected at time ‘‘0’’ means that the
photon did not accumulate any delay with regards to a fixed
reference. This is only possible if the photon took the short
path in the BSA and it was originally a photon in time-bin
t0 (Fig. 1). A photon detected at time ‘‘1’’ signifies that the
photon was originally in t1 and took the short path of the
BSA interferometer or it was in t0 and took the long path. A
detection at time ‘‘2’’ then means the photon was in t1 and
took the long path.
In Table I one can distinguish two cases. Either the result
unambiguously distinguishes one Bell state. Or the result
could have been caused by two specific Bell states, i.e., the
result is ambiguous and hence inconclusive.
The above described approach is correct in the case were
the phase  of the BSA interferometer is set to 0. Let us
thus briefly analyze in this paragraph the situation of an
arbitrary phase . In such a case, our BSA still distin-
guishes 3 Bell states, but these are no longer the Bell states
of the computational basis. For a teleportation experiment
this means the basis for the measured Bell states is not the
same as the basis for the entangled states shared between
Bob and Charlie. Still, perfect teleportation is possible, but
with the difference that the unitary transformations that
Bob has to apply after receiving the classical information
about the result of the BSA have changed and no longer
include the identity: all unitary transformations are non-
trivial, but they remain experimentally feasible. More spe-
cifically, the analyzed Bell states are:
0  j00i  e2ij11i; (3)
 0  eij01i  j10i: (4)
These Bell states are equivalent to the standard states
except that the j1i is replaced by eij1i for each of the
input modes. Therefore the unitary transformations that
have to be applied to retrieve the original state of the
teleported photon also have to be modified from13050[I; z; x; zx] to [2; z2; x; zx]. Here 2 
e2iPj1i  Pj0i is a phase shift of 2 to be applied to the
time-bin j1i.
In a realistic experimental environment the success
probabilities of the BSA will be affected by detector limi-
tations, because existing photon detectors are not fast
enough to distinguish photons which follow each other
closely (in our case two photons separated by  
1:2 ns) in a single measurement cycle. Hence a coinci-
dence, for example, ‘‘02’’ on D2, cannot be detected with
our detectors. This limitation rises from the dead time of
the photodetectors. When including this limitation we find
that the maximal attainable probabilities of success in our
experimental setup are reduced to 1=2, 1=4, and 1=2 for
 ,  , and , respectively. This leads to an overall
probability of success of 5=16, which is greater by 25%
than the success rate of 1=4 with a BSA consisting only of
one beam splitter and two identical detectors.
In order to demonstrate successful Bell-state analysis we
performed a teleportation experiment. A schematic of the
experimental setup is shown in Fig. 2. Alice prepares a
photon in the state jAi  j0i  eij1i. Bob analyzes the
teleported photon and measures interference fringes for
each successful BSA announced by Charlie. The setup
consist of a mode-locked Ti:sapphire laser creating
150 fs pulses with a spectral width of 4 nm, a central2-2
PRL 96, 130502 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending7 APRIL 2006
wavelength of 711 nm and a mean power of 400 mW. This
beam is split in two beams using a variable coupler (=2
and a PBS). The reflected light (Alice) is sent to a Lithium
tri-Borate crystal (LBO, Crystal Laser) were by parametric
down-conversion a pair of photons is created at 1.31 and
1:55 m. Pump light is suppressed with a Si filter, and the
created photons are collected by a single mode optical fiber
and separated with a wavelength-division multiplexer
(WDM). The 1:55 m photon is ignored whereas the
1:31 m is send to a fiber interferometer which encodes
the qubit on the equator of the Bloch sphere. In the same
way, the transmitted beam (Bob) is send onto another LBO
crystal after having passed through an unbalanced
Michelson bulk optics interferometer, the phase of this
interferometer is considered as the reference phase. The
nondegenerate entangled photons produced in this way
corresponds to the  state. The photons at 1:31 m are
send to Charlie in order to perform the Bell-state measure-
ment. In order to assure temporal indistinguishability,
Charlie filters the received photons down to a spectral
width of 5 nm. In this way the coherence time of the
generated photons is greater than that of the photons in
the pump beam, and as such we can consider the photons to
be emitted at the same time. Bob filters his 1:55 m
photon to 15 nm in order to avoid multiphoton events
[20]. A liquid-nitrogen-cooled Ge avalanche photon detec-
tor (APD) D1 with passive quenching detects one of the
two photons in the BSA and triggers the commercial
infrared APDs (id Quantique) D2 and D3. Events are
analyzed with a time to digital converter (TDC, Acam)
and coincidences are recorded on a computer.
Each interferometer is stabilized in temperature and an
active feedback system adjusts the phase every 100 seconds
using separate reference lasers. In this way the quantum
teleportation scheme works with independent units and is
ready for ‘‘in the field’’ experiments. A more detailed
description of the active stabilization is given in Ref. [9].
The temporal indistinguishability of the photons arriving
at the BSA is usually tested by measuring a Hong-Ou-FIG. 3 (color online). Left: The result of the 1-Bell-state tele-
portation experiment (a beam splitter instead of the interferome-
ter) with Fraw  79% and Fnet  91%. Right: A typical result of
the scan in delay of the coincidences ‘‘00’’ and ‘‘22’’. The
predicted antidip is clearly visible in both curves with a visibility
after noise substraction of 32% for ‘‘0’’ on D1 and D2 and 26%
for ‘‘2’’ on D1 and D2 (theoretical maximum  1=3 [22]).
13050Mandel dip. In our BSA this is not directly possible.
Photons that have bunched on the first interferometer will
be split up by the second interferometer in a nondetermin-
istic manner and as such there will be no decrease in the
number of coincidences when looking at the same time of
arrival. There will actually be an increase for these coin-
cidences because the amount of photons that took a differ-
ent path in the interferometer will decrease. In our
experimental setup this means one has to look at an in-
crease in the rate of detecting a ‘‘0’’ on both D1 and D2 and
the same is true for the rate of ‘‘2’’ on D1 and D2. A typical
result from this alignment procedure can be found in Fig. 3.
First we performed a quantum teleportation with inde-
pendent units using a beam splitter for the Bell-state mea-
surement. This enables us to test our setup in terms of
fidelity. In order to check the fidelity of the teleported sate,
Bob sends the teleported photon through an analyzing
interferometer and measures the interference fringes con-
ditioned on a successful BSA. When Bob scans the phase
of his interferometer we obtained a raw visibility of V 
57% (F  79%) and a net visibility of V  83% 4 (F 
91% 2) clearly higher than the cloning limit of F  5=6
(Fig. 3). We then switched to the new BSA. This new setup
introduces about 3 dB of excess loss, due to added optical
elements including the interferometer and its stabilization
optics. These losses result in a lower count rate. For
experimental reasons we now scan the interferometer of
Alice instead of Bob. The experiments were performed for
approximately 4.4 hours per point in order to accumulate
enough data to have low statistical noise. The expected
interference fringes after Bob’s interferometer are of the
form 1 cos 	 for a projection on   and 1
cos 	 2 for a projection on. Hence one wouldFIG. 4 (color online). These graphs show the interference
fringes found when scanning the interferometer at Bob. we found
visibilities of 0.22,0.43 and 0.38 for j i, ji and j i. The
average visibility of the BSA is Vavg  0:34 (F  0:67).
2-3
FIG. 5 (color online). This graph shows two measurements
that were taken with a different value of . The closed datapoints
correspond to a measurement with  equal to 	. The open
points are for a  which was shifted by 35 5. There is a clear
shift of the fringe for ji by 74 with regards to the other
fringes which corresponds to the expected value of 70 10.
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difference of 
, and the third dephased by 2	 ,
where , 	, and  are the phases of Alice, Bob, and the
BSA interferometer, respectively. Note that Bob is able to
derive  using the phase difference between the fringes
made by   and  since this difference corresponds to
2 	, where 	 is Bob‘s local phase.
In Fig. 4 we show the coincidence interference fringes
between Bob and a successful BSA. As expected fringes
for j i and j i have a 
 phase difference due to the
phase flip caused by the teleportation. On the other hand,
fringes for j i and ji are dephased by 2	 ,
which in this case we had arranged to be approximately 0.
The count rates for the different Bell states differ because
they correspond to different numbers of detection combi-
nations. The raw (Fig. 4) visibilities obtained for the pro-
jection on each Bell state are V   0:38, V   0:22,
V  0:43, which leads to an overall value of V  0:34
(F  0:67). If we subtract the noise we find net visibilities
of 0.51,0.69, and 0.55 for j i, ji and j i which leads
to an average of V  0:58 (F  0:79). Note that the maxi-
mal value that can be attained without the use of entangle-
ment is Vmax  1=3 [21]. Two of the raw visibilities and all
of the net visibilities break this limit. In order to check the
dependence of ji on we also performed a teleportation
with a different value and we clearly observe the expected
shift in the fringe (Fig. 5) while measuring similar
visibilities.
Finally the authors would like to stress two points about
this novel BSA. First it is possible to implement this BSA
for polarization encoded photons by creating a second13050interference possibility for H and V polarization. This
would require 4 detectors, but an overall efficiency of
50% can be achieved with current day detectors. The limit
of 50% can also be achieved with time-bin encoded qubits
but would require the use of ultra fast optical switches and
two more detectors. We did not implement this due to the
losses associated with introducing current day high speed
integrated modulators. Second, even though three out of
four Bell states can be distinguished, one cannot use this
scheme in order to increase the limit of log23 bits per
symbol for quantum dense coding.
In conclusion, we have shown experimentally that it is
possible to perform a three-state Bell analysis while using
only linear optics and without any actively controlled local
operations on a single qubit. In principle this measurement
can obtain a success rate of 50%. We have used this BSA to
perform a teleportation experiment, and obtained a non-
corrected overall fidelity of 67%, after noise substraction
we find F  76%. Also, we performed a teleportation
experiment with a one state BSA which exceeded the
cloning limit.
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We present a Bell-state analyzer for time-bin qubits allowing the detection of three out of four Bell states
with linear optics, two detectors, and no auxiliary photons. The theoretical success rate of this scheme is 50%.
A teleportation experiment was performed to demonstrate its functionality. We also present a teleportation
experiment with a fidelity larger than the cloning limit of F= 56 .
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I. INTRODUCTION
Bell-state analyzers BSA form an essential part of quan-
tum communications protocols. Their uses range from quan-
tum relays based on teleportation 1–7 or entanglement
swapping 8,9 to quantum dense coding 10,11. An impor-
tant restriction for BSAs is that a system based on linear
optics, without using auxiliary photons, is limited to a 50%
overall success rate 12,13. This important result does not
restrict the number of Bell states that can be measured, but
only the overall efficiency of a measurement. Nevertheless, a
complete BSA is possible for at least two different cases: the
first approach uses nonlinear optics 14 but this has the
drawback of an exceedingly low efficiency and is, therefore,
not well adapted for quantum communication protocols. An-
other possibility is the use of continuous variable encoding
15,16, however, this technique has the disadvantage that
postselection is not possible. Note that postselection is a very
useful technique that allows one to use only “good” measure-
ment results and straightaway eliminate all others without
the need for great computational analysis.
Many experiments have been done up to date that use
BSAs. In this paper a different BSA is introduced 17. It has
the maximum possible efficiency that can be obtained when
using only linear optics without ancilla photons. It is differ-
ent with respect to other BSAs since it can distinguish three
out of the four Bell states. All of the used BSAs up to date
that can reach the maximum efficiency, without the use of
ancilla photons, are limited to two or less Bell states
2,6,8,9,18. There have also been experiments of a BSA that
detects all four Bell states but its overall efficiency does not
reach 50% and it requires the use of an entangled ancilla
photon pair 19.
II. THEORY
A. Time-bin encoding
In our experiments a qubit is encoded on photons using
time bins 20. This means that a photon is created that exists
in a superposition of two well-defined instants in time time
bins that have a fixed temporal separation of . By conven-
tion the Fock state with N=1 corresponding to a photon in
the early time of existence t0 is written as 0 and for the later
time t1= to+ as 1. Photons in such a state can be created in
several ways. The simplest method is to pass a single photon
through an unbalanced interferometer with a path length dif-
ference of nc, where n is the refractive index. After the
interferometer the photon will be in the qubit state A0
+eiB1. Here A and B are amplitudes that depend on the
characteristics of the interferometer and  is the phase dif-
ference between the interferometer paths which is directly
determined by = 2nc /mod 2. For the sake of read-
ability we will use the word qubit when talking about a
“photon that is in a qubit state.”
B. Bell-state analyzer
In a large part of all experiments using BSAs that have
been performed up to date, the BSA consists essentially of a
beamsplitter and single-photon detectors SPDs. In such a
beamsplitter-BSABS-BSA the “clicks” of the SPDs are
analyzed and, depending on their results, the input state will
be projected onto a particular Bell state. With time-bin qubits
as described above a simple BS-BSA works as follows: two
qubits arrive at the same time on a beamsplitter but at differ-
ent entry ports. Since the four standard Bell states
± =
1
2 00 ± 11 , 1
± =
1
2 01 ± 10 2
form a complete basis we can write our two-qubit input state
as a superposition of these four states. One can calculate for
each Bell input state the possible output states. These states
can then be detected using SPDs. The different detection
patterns and their probabilities are shown in Table I. By con-
vention, a detection click at time “0” “1” means that the
photon was detected in the time bin t0 t1. The output com-
binations show that, if one detects two photons in the same
path but in a different time bin, the input state could only
have been caused by the Bell state + and therefore the
overall state of the system is projected onto this state. When
the photons arrive at different detectors with a time-bin dif-
ference the input state is projected onto the state 
−
. How-
ever, when one measures two photons in the same time bin in
the same detector the state could either be + or −, and
therefore the state has not been projected onto a single Bell*Email address: jeroen.vanhouwelingen@physics.unige.ch
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state but onto a superposition of two Bell states. This method
has a success rate of 50% which corresponds to the maximal
possible success rate that can be obtained while using only
linear optics and no auxiliary photons 12.
Here we propose a BSA which is capable of distinguish-
ing more than two Bell states while still having the maxi-
mum success rate of 50%. This is possible by replacing the
beamsplitter with a time-bin interferometer equivalent to the
ones used to encode and decode time-bin qubits Fig. 1.
This BSA will be capable of distinguishing three out of four
Bell states, but + and − will only be discriminated 50%
of the time as will be explained shortly. Two qubits enter in
port a and b, respectively. The first beamsplitter acts like
above, allowing the distinction of two Bell states + and

−
. A second possibility for interference is added by an-
other BS for which the inputs are the outputs of the first BS,
with one path having a delay corresponding to the time-bin
separation . The two-photon effects on this beamsplitter
lead to fully distinguishable photon combinations of one of
the two remaining Bell states + while still allowing a
partial distinction of the first two.
One might expect that when it is possible to measure three
out of four states that the fourth, nonmeasured, state can
simply be inferred from a negative measurement result of the
three measurable states. This is, however, not the case. The
above described measurement is a positive operator valued
measure POVM with 21 possible outcomes, some of these
outcomes are only possible for one of the four input Bell
states. Therefore, when such an outcome is detected it unam-
biguously discriminates the corresponding input Bell state.
The rest of the 21 outcomes correspond to outcomes which
can result from more than one input Bell state. In other
words, their results are ambiguous and the input state is not
projected onto a single Bell state but onto a superposition of
Bell states.
The state after the interferometer can be calculated for
any input state using
aˆ†t Þ
1
4 − eˆ
†t + eieˆ†t +  + ifˆ†t + ieifˆ†t +  ,
3
bˆ†t Þ
1
4 f
ˆ†t − eifˆ†t +  + ieˆ†t + ieieˆ†t +  ,
4
where iˆ†j is the creation operator of a photon at time j in
mode i. When the input states are qubits and the photons are
detected after the interferometers the detection patterns are
readily calculated and are shown in Table II. The output co-
incidences on detectors D1 port e and D2 port f are
shown as a function of a Bell state as input. By convention,
a detection at time “0” means that the photon was in time t0
after the BSA interferometer. This is only possible if it took
the short path in the BSA and it was originally a photon in
time bin t0 Fig. 1. Similarly a detection at time “1” means
that either the photon was originally in t1 and took the short
path of the BSA interferometer or it was in t0 and took the
long path. A detection at time “2” means the photon was in t1
and took the long path. In Table II we see that some of the
patterns corresponds to a single Bell state and therefore the
measurement is unambiguous. For the other cases the result
could have been caused by two Bell states, i.e., the result is
ambiguous and hence inconclusive. More specifically, the
Bell state + is detected with probability 1, − is never
detected, and both 
−
 and + are detected with probability
1
2 .
The above described approach is correct in the case where
the separation  of the incoming qubits is equal to the time-
bin separation caused by the interferometer. If this is not the
case and the interferometer creates a time-bin seperation of
+n / 2c, where  is a phase, the situation is slightly
more complicated In such a case, our BSA still distinguishes
three Bell states, but these are no longer the standard Bell
states but are the following:
± = 00 ± e2i11 = 	  	± , 5
± = e
i01 ± 10 = ei± . 6
Here 	= P0+eiP1 is a phase shift of  to be applied to the
time bin 1. These new Bell states are equivalent to the
standard states except that the 1 is replaced by ei1 for
each of the input modes.
In a realistic experimental environment the success prob-
abilities of the BSA are affected by detector limitations. This
TABLE I. The table shows the probability of finding specific
coincidences as a function of the input Bell state in the case of a
single beamsplitter as a BSA. A “0” “1” in row D1 means that a
photon was found at detector “D1” at time t0 t1, etc. Note that
only half of the combinations of detection are possible for only one
Bell state the bold entries, therefore when such a combination is
found a projection onto this Bell state was performed. The theoret-
ical success probability is 50%.
D1 00 11 01 0 0 1 1
D2 00 11 01 0 1 0 1
+
1
4
1
4
1
4
1
4

−
 14
1
4
1
4
1
4
+
1
2
1
2

−
 12
1
2
FIG. 1. A schematic representation of the new type of Bell-state
measurements. When two qubit states are sent into a time-bin inter-
ferometer the output state is a mixture of photons in two directional
modes and three temporal modes. By looking at certain combina-
tions of these photons a Bell-state measurement can be performed
for three different Bell states.
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is because existing photon detectors are not fast enough to
distinguish photons which follow each other closely in our
case two photons separated by =1.2 ns in a single mea-
surement cycle. This limitation rises from the dead time of
the photodetectors. When including this limitation we find
that the maximal probabilities of success in our experimental
setup are reduced to 12 ,
1
4 , and
1
2 for +, −, and +, respec-
tively. This leads to an overall probability of success of 516
which is greater by 25% than the success rate of 14 for a BSA
consisting only of one beamsplitter and two detectors
with the same limitation. This limitation could be partially
eliminated by using a beamsplitter and two detectors in
order to detect the state 50% of the time, or it could be
completely eliminated by using an ultrafast optical switch
sending each time bin to a different detector. Both of these
methods are associated with a decrease in the signal-to-noise
ratio. This is caused by the additional noise from the added
detector and by additional losses from the optical switch,
respectively.
C. Bell-state analyzer for polarization qubits
So far the discussion about this BSA only considered
time-bin qubits. The authors would like to note at this point
that it is also possible to implement a similar BSA for polar-
ization encoded photons. This can be done by the equivalent
polarization setup as shown in Fig. 2. This setup would re-
quire four detectors but there will never be two photons on
one detector and therefore dead times do not hinder the mea-
surement of all the detection patterns and the overall
efficiency can reach 50% with today’s technology.
D. Four-Bell-state analyzer?
This paper discusses our results testing a three-Bell-state
analyzer. It is obviously interesting to also consider the pos-
sibility of a linear optics four-Bell-state analyzer with 50%
efficiency and no ancilla photons. Such a system was not
used for the simple reason that there is no known method to
make such a measurement. Is there a fundamental reason to
suspect that such a BSA cannot be performed? No such rea-
son is known to the authors, therefore this paper will be
limited to the three-Bell-state analyzer.
E. Teleportation
One of the most stunning applications of a BSA is its use
in the teleportation protocol. In order to perform a teleporta-
tion experiment an entangled qubit photon pair is created
EPR 21 as well as a qubit to be teleported Alice. One
photon of the entangled pair is made to interact with Alice’s
qubit in a BSA Charlie. This interaction followed by detec-
tion projects the overall state onto a Bell state if the BSA is
successful. The remaining photon Bob now carries the
same information as the photon from Alice up to a unitary
transformation. The situation for the new BSA is slightly
different since the entangled pair is not a member of the
detected Bell basis Eqs. 5 and 6. However this has no
major influence on the theory. After a succesful measurement
of the BSA the remaining photon at Bob is equal to the
original qubit up to a unitary transformation. This transfor-
mation, however, has to be adapted with regards to the stan-
dard case from 1 ,	z ,	x ,	x	z to 	2
−1
,	z	2
−1
,	x ,	x	z, as
can be seen from the following calculation:
TABLE II. The table shows the probability of finding any of the 21 possible coincidences as a function of the input Bell state. A “0” in
row D1 means that a photon was found at detector “D1” and at a time corresponding to the photon having taken the short path in the
interferometer and it was originally a photon in time-bin t0, a “1” corresponds to t0+1
 with  corresponding to the difference between
the time bins, etc. Note that several combinations of detection are possible for only one Bell state the bold entries, therefore when such a
combination is found a Bell-state measurement was performed. The theoretical probability of a successful measurement is 0.5 which is the
optimal value using only linear optics 12.
D1 00 11 22 01 02 12 0 2 1 1 0 1 2 0 2
D2 00 11 22 01 02 12 0 2 1 0 1 2 1 2 0
+
1
16
1
16
1
16
1
16
1
8
1
8
1
2

−
 116
1
16
1
4
1
4
1
16
1
16
1
8
1
8
+
1
8
1
8
1
8
1
8
1
8
1
8
1
8
1
8

−
 14
1
4
1
8
1
8
1
8
1
8
FIG. 2. A schematic representation of the new type of a Bell-
state analyzer for polarization qubits. The gray cubes represent non-
polarizing beamsplitters and the white cubes are polarizing
beamsplitters.
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abc = a  + 7
=
1
2 +ab  	2
−1c
+ 
−
ab  	z	2
−1c
+ +ab  e
−i	xc
+ 
−
ab  e−i	x	zc. 8
Recall 	2
−1
= P0+e−2iP1 is a phase shift of the bit 1.
III. EXPERIMENTAL TELEPORTATION
The BSA was tested in a quantum teleportation experi-
ment. Presented in this section is the experimental setup that
was used as well as some of the required preliminary align-
ment experiments. Finally, the results of the experiment are
given and discussed.
A. Experimental setup
A rough schematic of the experimental setup is shown in
Fig. 3; the experiment is an adaptation of a setup used pre-
viously for long distance teleportation 6 and for entangle-
ment swapping 9. Alice prepares a photon in the state
a= 1/20+ei1. A BSA is used by Charlie on Al-
ice’s qubit combined with a part of an entangled qubit pair.
Bob analyzes the other half of the pair the teleported qubit
and measures interference fringes for each successful BSA
announced by Charlie.
The setup consists of a mode-locked Ti-sapphire laser
MIRA with 8W VERDI pump-laser, Coherent creating
150 fs pulses with a spectral width of 4 nm, a central wave-
length of 711 nm, a mean power of 400 mW and a repetition
rate of 80 MHz. This beam is split in two beams using a
variable coupler  /2 and a PBS. The reflected light Alice
is sent to a scannable delay and afterwards to a lithium tri-
borate crystal LBO, crystal laser where by parametric
downconversion a pair of photons is created at 1.31 and
1.55 m. Pump light is suppressed with a Si filter, and the
created photons are collected by a single mode optical fiber
and separated with a wavelength-division multiplexer
WDM. The 1.55 m photon is ignored, whereas the photon
at 1.31 m is send to a fiber interferometer which encodes
the qubit state a onto the photon. The transmitted beam
Bob is passed through an unbalanced Michelson-type bulk
interferometer. The seperation between the two time bins af-
ter this interferometer is considered as the reference for all
the other seperations. The phase of the interferometer can,
therefore, be considered as a reference phase and can be
defined as 0. After the interferometer the beam passes a dif-
ferent LBO crystal. The nondegenerate photon pairs created
in this crystal are entangled and their state corresponds to
+= 1/200+ 11.
The photons at 1.31 m are send to Charlie in order to
perform the Bell-state measurement. To assure temporal in-
distinguishability, Charlie filters the received photons down
to a spectral width of 5 nm using a bulk interference filter.
Because of this the coherence time of the generated photons
is greater than that of the photons in the pump beam, and as
such no distinguishablity between photons can be caused by
jitter in their creation time 22. Bob filters his 1.55 m pho-
ton to 15 nm in order to avoid multi photon-pair events
23,24, this filtering is done by the WDM that separates the
photons at 1.31 and 1.5 m. This filter is larger than Char-
lie’s filter for experimental reasons. A liquid nitrogen cooled
Ge avalanche-photon detector APD D1 with passive
quenching detects one of the two photons in the BSA and
triggers the InGaAs APDs id Quantique D2 and D3. Events
are analyzed with a time to digital converter TDC, Acam
and coincidences are recorded on a computer.
Each interferometer is stabilized in temperature and for
greater stability an active feedback system adjusts the phase
every 100 s using reference lasers. The reference for Bob’s
interferometer is a laser Dicos stabilized on an atomic
transition at 1531 nm and for both Alice’s and Charlie’s
FIG. 3. Color online A rough overview of the experimental setup. The fiber interferometers shown here are in reality Michelson
interferometers, for the interferometer in the BSA two circulators are used to have two separate inputs and outputs. Not shown in the figure
is the method used for stabilizing the interferometers.
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interferometer a stabilized distributed-feedback DFB laser
Dicos at 1552 nm is used. It is possible to use different
lasers for Alice and Charlie if one wants to create two inde-
pendent units. By using independent interferometer units us-
ing different stabilization lasers it was assured that this ex-
periment is ready for use “in the field.” A more detailed
description of the active stabilization of the interferometers
is given in Ref. 9. For sake of clarity the interferometers
shown in the setup Fig. 3 are Mach-Zender-type interfer-
ometers but in reality they are Michelson interferometers
which use Faraday mirrors in order to avoid distinguishabil-
ity due to polarization differences 25.
B. Alignment experiments
There are two important, nontrivial alignments that have
to be made before one can perform a quantum teleportation
experiment with time-bin encoded qubits. First, one would
have to assure that all the time-bin interferometers have the
same difference in length between the two paths. Second, it
is required that there is temporal indistinguishability between
qubits coming from Alice and Bob on the BSA. The equal-
ization of the interferometers is needed in order to assure that
all the interferometers have a difference in length of c /n
with a precision higher than the coherence length of the pho-
tons 150 m. We have two mechanisms to actively
change the optical path lengths: the first is changing the tem-
perature of the interferometers and thus allowing the long
arm to increase or decrease its length more than the short
arm and the second is to directly change the length of only
one arm by means of a cylindric piezoelectric element. When
changing the voltage over the piezo we change the diameter
of the cylinder and thus the length of the fiber changes. This
is used for the active feedback stabilization system. In order
to align the interferometers with each other we perform two
different experiments: First, we optimize the visibilty of
single-photon interference fringes for photons from Alice de-
tected in D1. This aligns Alice’s interferometer with the BSA
interferometer. Next, we optimize a Fransson-type Bell test
of the entangled photon pair 26. While optimizing this ex-
periment we do not change the BSA interferometer. This
optimization aligns the bulk interferometer and Bob’s analy-
sis interferometer to the other two. Using this method we
found visibilities of 97% ±1% for the single photon interfer-
ence and 94% ±1% for the Bell test Fig. 4.
The second alignment procedure is necessary in order to
assure temporal indistinguishability between the photons ar-
riving at the BSA. In the case of a BS-BSA this can be
assured by performing a Hong-Ou-Mandel dip type experi-
ment 27, which is to say, make a scan in a delay for one of
the incoming photons and look at a decrease in the number
of coincidences as a result of photon bunching Fig. 5. The
position where the minimum is obtained corresponds to the
point with maximal temporal overlap of the two photons.
In the case of an interferometer-BSA IF-BSA this pro-
cedure becomes more complicated. We can no longer look at
a mandel dip because the second beamsplitter will probabi-
listically split up the photons that bunched on the first beam-
splitter. However, the photon bunching remains and it can
still be seen by a different method. Consider the situation
where two single photons, both in the state 0, are send to
the different inputs of an IF-BSA Fig. 6. If the photons are
not temporally indistinguishable there are three possible out-
put differences between detection times, corresponding to
“10”, “00&11”, and “01”. If the photons are indistinguish-
able they bunch at the first BS and therefore the difference in
arrival time between the photons has to be zero. This means
that “10” and “01” are not possible anymore and the possi-
bility for “00&11” is larger. If the inputs are arbitrary qubits
instead of the simple example above there will be more co-
incidence possibilities and some of them will be subject to
single-photon interference and/or photon bunching. It is pos-
sible to see an increase in the coincidences for “00” and
“22”, which is not affected by a single-photon interference,
for similar reasons as the increase that was explained above.
These coincidences can be measured in a straightforward
way with our setup. A more rigorous calculation and expli-
cation of this alignment procedure is given in the Appendix.
A typical result of an experiment in which the count rate is
measured while changing a delay is shown in Fig. 5 and
clearly shows the expected increase in count rate.
The measured antidips have a net visibility of 32±3 %
and 26±2 % after noise substraction. The maximal attainable
value is 13 due to undesired but unavoidable double-pair
events see appendix. The large visibilities mean that the
temporal indistinguishability is very good, this will thus not
FIG. 4. Color online Top: Single photon interference
with Vnet=0.97±0.01. Bottom: Fransson-type Bell test with
Vnet=0.94±0.01.
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be limiting for our experiments. The noise substraction for
this estimation is justified because in a teleportation experi-
ment the noise will be reduced since one will consider only
three-photon events. The difference in height of the two co-
incidences is related to an electronic loss of signal in an
electrical delay line.
C. Experimental results
Two different types of teleportation experiments were per-
formed. Namely a standard BS-BSA teleportation in order to
benchmark our equipment followed by the IF-BSA experi-
ment. For the BS-BSA, the main difference with regards to
previous experiments 9,23 was that the interferometers
now all had an active stabilization. This allows for large
stability and long measurement times. The experiment con-
sisted of Bob scanning of his interferometer phase while the
other interferometers where kept constant, we therefore ex-
pect to find an interference curve of the form 1+V sin
+ where  is kept constant. The results of the experiment
Fig. 7 clearly shows the expected behavior. The visibility
measured was V=0.57±0.03 F=0.79±0.02. After conser-
vative noise substraction we find V=0.83±0.04 F
=0.91±0.02. This clearly is higher than the strictest thresh-
old that has been associated with quantum teleportation of
F= 56 28,29. The limiting factors of this experiment are the
detectors and the fiber coupling after the LBO crystals.
After this experiment the setup was changed to the IF-
BSA. The count rates in this experiment with regards to the
previous one is reduced due to two reasons. The introduction
of the BSA interferometer and its stabilization optics means
an additional 3 dB of loss which reduces count rates. An-
other difference is that now the counts are distributed over
three different Bell states, whereas before there was only
one. Therefore an overall reduction of counts per state will
occur. Combined these effects result in a large reduction of
the count rate per Bell state. This problem was overcome by,
on the one hand, an overall increase of the BSA efficiency by
1
4 from 25% for the BS-BSA to 31.25% for the IF-BSA
and, on the other hand, by integrating data over longer time
periods. During the teleportation experiment scans were
made in the interferometer of Alice rather than Bob. This
was done since the most important noise is dependent of the
phase of Bob’s interferometer but not of Alice’s more de-
tails are given in the next subsection. The experiments were
performed with approximately 4.4 h per phase setting in or-
der to have low statistical noise.
For this IF-BSA all the different unambiguous results
Table II were analyzed both separately for example, “02”
and combined as a Bell state for example, 
−
= 02+ 20.
For the separate results it is expected that each BSA outcome
will have count rates depending on the phases of the
FIG. 5. Color online Top, IF-BSA: Graph showing the number
of measured coincidences as a function of a change in the delayline.
Both “00” and “22” clearly show an antidip at the same location.
The net visibilities are V00=32±3 % and V22=26±2 % Bottom,
BS-BSA: Graph showing the decrease in the number of measured
coincidences 00 as a function of a change in the delayline 27. The
net visibility is V=29±3 %.
FIG. 6. The simple experiment on the left one photon in each
input of an IF-BSA will have the following property. If the photons
are not temporally indistinguishable one will find three different
coincidence peaks: “10”,“00& 11”, and “01” dotted curve, how-
ever, if the photons are indistinguishable there will be only one
peak: 00 and 11 plain curve. This is caused by photon bunching.
FIG. 7. Color online The result of the one-Bell state telepor-
tation experiment a beamsplitter instead of the interferometer with
Fraw=0.79±0.02 and Fnet=0.91±0.02.
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interferometers as R1+V cos+. Here R is dependent of
the overall efficiency of the experiment and is different for
each BSA outcome and  is a combination of the constant
phases of the interferometers of Bob and Charlie and is
different for different BSA results:
+, 01, 10, 12, 21→  =  , 9
+, 11→  = −  − 2 , 10

−
, 02, 20→  =  +  . 11
As is evident from the differences in  we expect that fringes
corresponding to one particular Bell state are in phase with
each other, but have a well-determined phase difference with
fringes corresponding to another Bell state.
The measured count rates as a function of the phase of
Alice’s interferometer are shown in Fig. 8. Note that, due to
experimental restrictions, the absolute phases of the interfer-
ometers are not known and therefore all phase values have an
unknown offset. The results clearly show that each of the
outcomes has the expected interference behavior. Further-
more, the fringe corresponding to “01” is in phase with the
fringe “21”. The same is true for the fringe “10” with “12”
and for “02” with “20”. It is expected that all four of the
fringes corresponding to + “01”, “10”, “ 12”, and “21”
are all in phase with each other, but there is a clear phase
shift between the first two and the last two. The average
phase of these four fringes is different by 180° from the
fringes corresponding to “02” and “20” as expected. The
fringe corresponding to “11” is in phase with the fringes
of “02” and “20” as was expected since for this measurement
we had arranged 2+=mod 2. The results of the
fits to these fringes is shown in Table III. The differences
in phase and visibility are in part due to noise see next
subsection
The results corresponding to each of the three possible
Bell states can be found by adding the measurements of the
constituent parts. When doing this one would expect coinci-
dence fringes of the form R1+V cos+ with R and  as
above. This corresponds to three distinct interference fringes,
with + and − in phase and + with a 180° phase
difference with respect to the other two.
In Fig. 9 we show the raw coincidence interference
fringes between the detection rate at Bob and a successful
BSA as a function of a change of phases in Alice’s interfer-
ometer. As expected fringes for 
−
 and + have a
180° phase difference due to the phase flip caused by the
FIG. 8. Color online Measured coindance counts as a function of phase. Top-left: BSA results 01, 10. Bottom-left: BSA results “12”,
“21”. Top-right: BSA results “02” and “20”, Bottom-right: BSA results “11”. Note that for each graph there is an unknown, but equal, offset
of the phase value.
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teleportation. On the other hand, the fringe for + is in
phase with the + as expected. The raw visibilities obtained
for the projection on each Bell state are V
−
=0.38±0.05,
V+ =0.22±0.01, V+ =0.43±0.03 which leads to an overall
value of V=0.34±0.06 F=0.67±3. In order to check the
dependence of + on  we also performed a teleportation
with a different value for  and we clearly observe the ex-
pected shift in the fringe Fig. 10 while measuring similar
visibilities.
Note that Bob is able to derive the phase value  of the
BSA interferometer just by looking at the phase differences
between the fringes made by ± and + and his knowledge
about . It is important to know  since this allows Bob to
perform the unitary transformation 	2 on the teleported pho-
ton. Since the count rates were quite low we expected to
have an important noise factor, an analysis of the noise
follows in the next subsection.
D. Noise analysis and discussion
In the case of the BS-BSA the noise analysis is straight-
forward. All of the important noise counts are completely
independent of the phase, since they concern situations in
which there is no single-photon interference possible. The
most important sources of noise were estimated and then
measured. The estimated signal-to-noise ratio was 2.6, mea-
surements find a SNR of approximately 2.2±0.5. The largest
source of noise are darkcounts at one detector combined with
two real detections.
TABLE III. For each of the different detection possibilities the fitted results are shown before and after
noise correction. V refers to the visibility %,  to the phase of the fringes degrees, unknown offset and P
to the normalized probabilities of a coincidence detection %. The last three rows correspond to fits made
after adding the corresponding BSA outcomes, therefore these values can be slightly different from the
average of the individual results.
Result 3BSA Vraw Vnet raw net Praw Pnet
+
01 35±3 61±6 278±4 279±5 13±1 14±1
10 43±3 72±13 339±4 338±8 11±1 13±1
12 18±3 64±7 340±7 340±4 14±1 7±1
21 13±2 36±2 227±9 278±1 17±1 10±1
+ 11 43±3 55±2 136±3 136±10 29±1 41±1

−

02 40±5 83±13 126±12 126±8 8±1 6±1
20 39±4 62±10 153±4 153±8 9±1 9±1
+ 22±1 51±3 311±3 311±3 54±1 43±1
+ 43±3 55±2 136±10 136±3 29±1 41±1

−
 38±5 69±10 140±6 140±7 17±1 15±1
FIG. 9. Color online Uncorrected teleportation fringes found
when scanning the interferometer at Bob. The fitted curves have
visibilities of 0.22, 0.43, and 0.38 for +, +, and −. The
average visibility of the BSA is Vavg=0.34 F=0.67.
FIG. 10. Color online Teleportation fringes measured in two
distinct measurements with a  which had changed by 70° ±10°. In
the measurement a clear shift is visible of the fringe + by 74°
with regards to the other fringes.
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The situation for the IF-BSA is more complicated. The
additional interferometer has an unfortunate side effect.
There are now possibilities for noise to depend on the phases
of the interferometers. In other words, while measuring in-
terference fringes there are also noise fringes. It it obviously
important to be able to distinguish between the two. The
most important fluctuating noise is caused by false coinci-
dence detections that involve one or more photons coming
from Alice and no photons from the EPR source at the BSA.
These noise sources depend on the phases  and  since the
photon coming from Alice experiences a single-photon inter-
ference. Since during the experiment  is changed the noise
rate also changes. The period of this change is the same as
for teleportation, however, there is a  phaseshift between
“01” “21” and “10” “12” that is not present in the tele-
portation signal. Such a noise influences the results of our
measurements in different ways, first of all, the visibilities
are altered and are smaller for “01” and “21” but larger for
“10” and “12”. Secondly, when the fringe is not in phase
with the teleportation signal there is a phaseshift in the op-
posite direction for “01” and “21” with regards to “10” and
“12”. In our measurements the phases were arranged in such
a way that this second effect would not take place since the
fringes would be completely in or out of phase with the
teleportation signal. This noise was measured and the result
Fig. 11 clearly shows the expected fringes and phaseshifts.
Other possibilities for fluctuating noise sources are when
no photons from Alice arrive at the BSA. In this case single
or multiple photon pairs from the EPR source combined
with darkcounts will give coincidences that depend on the
phases  and . This corresponds to a combination of a
Fransson-type Bell test with a darkcount. The fluctuation of
this noise was avoided in our experiment since we only
changed the phase of Alice’s interferometer .
Not all possible sources of noise depend on the phases of
the interferometers, there are also stable sources of noise,
which are different for each of the BSA possibilities. The
average value of the most important noise sources are shown
in Table IV, which shows that by choosing to scan Alice
instead of Bob a large fluctuating noise was avoided. It also
shows that the fluctuating noise from Alice is only a small
part of the total noise and therefore its effect will only be
limited. Another source of errors that is different for each
coincidence combination is electronical loss. These losses
are caused by long up to 100 ns electronical delays that are
required in the treatment of the coincidence signals.
The results, after noise substraction and correction for
electronical transmission differences for the individual coin-
cidence combinations, are shown in Table III. There is a
clear agreement with theory, for example, the probability of
finding a “11” is approximately 4 times larger than the
probability for any of the other possibilities Fig. 12.
There are a few differences worth noting between the re-
sults and theory. First of all there are small differences in
visibility, these are probably caused by several small unmea-
sured noise sources and partially they are real physical dif-
ferences which are caused by imperfect interferometers, an
indication of these imperfections is given by the quality of
the alignment experiments. Second, the phases of the curves
TABLE IV. The average noisecounts of several noise possibilities. Note that each measured value con-
cerns a combination of different sources of noise. The most important noise source Alice blocked did not
fluctuate during the experiment because the scan in the phase was done by Alice.
01 02 10 11 12 20 21
Source Alice blocked 70±4 60±4 60±4 88±6 147±6 46±3 157±5
EPR to Bob blocked 2.7±0.1 1.0±0.1 3.5±0.1 5.3±0.1 4.3±0.1 1.7±0.1 4.2±0.1
EPR to BSM blocked 13±1 7±1 12±1 15±1 11±1 7.8±1 13.07±1
FIG. 11. Color online Measurements of the noise for a
interferometer-BSA teleportation experiment. Top: “01” and “10”
are in antiphases as expected and have visibilities of V01
=0.77±0.12, V10=0.65±0.12 Bottom: “12” and “21” have a 
phaseshift as expected and have visibilities of V12=0.66±0.14,
V21=0.91±0.13.
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show an interesting phase difference between “01” “12”
and “10” “21”. The reason for this shift is unknown, but the
average value of the two phases corresponds with the phase
that is expected from the curve for “02” and “20”. This sug-
gests that this effect is caused by a fluctuating noise that is
out of phase with the teleportation fringe.
When the different possibilities of the BSA are summed,
in order to have the Bell states, the noise will no longer have
any fluctuations. This is because the different noise possibili-
ties had a  phase difference. After summing the different
parts of the noise of a Bell state the result will be constant.
For example, the noise of “01” combined with “10” is ap-
proximately constant. The overall resulting noise is in prac-
tice independent of the phase. The results after noise sub-
straction and correction for electronic transmission
differences are shown in Fig 13 and Table III. The results
show excellent correspondence between theory and experi-
ment. The visibilities are similar within their errors. The dif-
ference in phase between + and − 189° ±9°  corre-
sponds with theory 180°. Also, since the phases were
arranged in such a way that =−mod 2, the fringe of
+ is in phase with − phase difference of 4° ±9°. The
normalized probabilities of a measurement Fig. 12 show
that + and + have the same probability 43%, respec-
tively, 41% and these values correspond with the theoretical
value of 40%. The probability of 
−
 is 15% with a theoret-
ical value of 20%. These excellent agreements with theory
suggest that the discrepancies as seen for the individual
results are caused by differences in noise that cancel out
when they are added to each other.
IV. CONCLUSIONS
In conclusion we have shown experimentally that it is
possible to perform a three-state Bell analysis while using
FIG. 12. Normalized probabilities of detecting a coincidence or
a Bell state. The expected value for the coincidence “11” is 0.4 and
for the other coincidences 0.1. For the Bell-state 
−
 one expects
0.2 and 0.4 for + and +.
FIG. 13. Color online Result of the teleportation experiment
using an interferometer Bell-state analyzer. These results are cor-
rected for noise and electronic differences.
FIG. 14. Color online Top: The count rate for “01” depends on
the phases of the interferometers, which were not stabilized. Since
this interference is a single-photon interference it is present for both
the main “01” coincidence and for the baby peaks. Bottom: Using
the baby peaks to normalize the main count rate it is possible to see
a dip in the count rate when scanning an optical delay. This de-
crease is caused by photon bunching. The dip is in the same posi-
tion as the measured antidip “00”.
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only linear optics without the use of ancilla photons. In prin-
ciple, this measurement can reach a success rate of 50%. We
have shown some of the techniques that have to be used to
align a teleportation experiment which uses this BSA. Our
teleportation experiment shows a noncorrected overall fidel-
ity of F=67%, after noise substraction we find F=76%.
Also, we performed a teleportation experiment with a one
state BSA which exceeded the cloning limit.
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APPENDIX: TEMPORAL ALIGNMENT
For a BSA to work it is important to have complete indis-
tinguishability of the incoming qubits. This includes a indis-
tinguishability in time. In order to align the path lengths in
an experiment it is useful to perform photon bunching ex-
periments, since photon bunching only occurs for indistin-
guishable photons. In the case of a teleportation experiment
using a BS-BSA it is possible to perform a Mandel-dip ex-
periment 27 by looking at the coincidence rate “00” or
“11”. A decrease in the number of coincidences between the
BSA detectors is observed when the photons from Alice’s
source and the EPR source are indistinguishable. When an
IF-BSA is used it is not trivial to directly measure such an
effect, without having to make significant changes to the
optical setup such as replacing the interferometer by a
beamsplitter in between two teleportation experiments. In
order to avoid any changes to the setup another method of
checking indistinguishability was used. An increase in the
number of coincidences “00” or “22” is dependent on indis-
tinguishability, as was explained in the main text of the pa-
per. The difference is clearly seen by calculating the prob-
ability to find “0” in both D0 and D1 for indistinguishable
photons P00 aligned and distinguishable
P00 nonaligned photons:
1 photon from both sources P00aligned = 14 , A1
P00nonaligned = 18 . A2
The maximum visibility when measuring the difference
between aligned and nonaligned can be calculated by taking
into account the probability of creating two photons in Alice
P00  a†2 or at the EPR source P00  a†2.
P00a†2 = P00b†2 = 18 , A3
V = −
Pout − Pin
Pout
, A4
Pout =
1
8 + 2 

1
8 =
3
8 , A5
Pin =
2
8 + 2 

1
8 =
4
8 ,
Vmax =
1
3 . A6
Note that when making measurements of “antidips” the pho-
tons at Bob are completely ignored.
The antidips discussed above are not the only method of
aligning the setup. It is also possible to look at a dip. For
example, there will be a decrease in the number of “01”
depending on whether there is photon bunching or not. Dur-
ing measurements of such a decrease the interferometers are
not stabilized for experimental reasons. Since the coinci-
dence rate is dependent on single-photon interference it is
very difficult to clearly see the decrease in counts Fig. 14.
One way to avoid this problem is to use a baby peak as a
normalization. Baby peaks are coincidences with one or
more laser pulses of difference between the creation time of
the detected photons. For example, laser pulse n creates a
photon in Alice and this photon goes to detector D0, while
laser-pulse n+1 creates a photon in the EPR source which
goes to D1. The amount of coincidences measured for these
TABLE V. Theoretical interference for different projections
made by the BSA. Two different cases are shown: indistinguishable
photons teleportation and distinguishable photons noise.
BSA Indistinguishable Distinguishable
“01” 1+cos+ 1+cos
“02” 1−cos+ 1
“10” 1+cos+ 3−cos
“11” 41+cos+−2 22+2 cos−
“12” 1+cos+ 3−cos
“20” 1−cos+ 1
“21” 1+cos+ 1+cos
FIG. 15. Simulation of result from a teleportation experiment in the case that the interferometers have been aligned to have =− as was
the case in our experiment. The dashed curves are for the case of distinguishable photons at the BSA and the plain curves are for
indistinguishable photons teleportation.
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pulses will depend on the single-photon interference but
there will clearly not be any photon bunching. Since such
coincidences have the same interference effects as for the
real coincidences it can be used to normalize a measurement
and in this way a dip can be found Fig. 14. Since this
normalization method is much more complicated and
less accurate it was not used for alignment, only antidip
alignment was used.
If temporal alignment is not accomplished in a BS-BSA
teleportation experiment the resulting coincidence rates will
not depend on the phases of the interferometers and therefore
a fringe with V=0% is found. When using an IF-BSA this is
not the case since the presence of the extra interferometer
leads to a single photon interference when changing the
phase . It is clearly important to be able to distinguish be-
tween these interferences and the interference fringes caused
by teleportation. The behavior of the nonaligned setup can be
readily calculated and the fringes that will be found are
shown in Table V. One important fact clearly stands out
straight away: there is no interference for “02” and “20” if
the photons are distinguishable but there is when the photons
are indistinguishable. The visibility of these fringes are an
important indication whether or not there was temporal
alignment during the experiment. In the experiment pre-
sented here a visibility of V=55% ±3% was found which
indicates that there was temporal indistinguishability.
Other indications whether there is good temporal align-
ment can be found when simulating the result of an un-
aligned experiment. Such a simulation is shown Fig. 15 for
the case of =− as was used during our experiments. The
simulation clearly shows differences between the two cases
which are readily identifiable in an experiment, such as the
phaseshift of  between the fringes for “01” and “10”. These
differences make it possible to see after an experiment
whether or not the alignment was good and remained good.
1 C. Bennett, G. Brassard, C. Crepeau, R. Jozsa, A. Peas, and W.
K. Wootters, Phys. Rev. Lett. 70, 1895 1993.
2 D. Bouwmeester, J-W Pan, K. Mattle, M. Eibl, H. Weinfurter,
and A. Zeilinger, Nature London 390, 575 1997.
3 D. Boschi, S. Branca, F. De Martini, L. Hardy, and S. Popescu,
Phys. Rev. Lett. 80, 1121 1998.
4 E. Waks, A. Zeevi, and Y. Yamamoto, Phys. Rev. A 65,
052310 2002.
5 B. C. Jacobs, T. B. Pittman, and J. D. Franson, Phys. Rev. A
66, 052307 2002.
6 I. Marcikic, H. de Riedmatten, W. Tittel, H. Zbinden, and N.
Gisin, Nature London 421, 509 2003.
7 D. Collins, N. Gisin, and H. De Riedmatten, J. Mod. Opt. 52,
735 2005.
8 J.-W. Pan, D. Bouwmeester, H. Weinfurter, and A. Zeilinger,
Phys. Rev. Lett. 80, 3891 1998.
9 H. de Riedmatten, I. Marcikiv, J. A. W. van Houwelingen, W.
Tittel, H. Zbinden, and N. Gisin, Phys. Rev. A 71, 050302R
2005.
10 C. H. Bennett and S. J. Wiesner, Phys. Rev. Lett. 69, 2881
1992.
11 K. Mattle, H. Weinfurter, P. G. Kwiat, and A. Zeilinger, Phys.
Rev. Lett. 76, 4656 1996.
12 J. Calsamiglia and N. Ltkenhaus, Appl. Phys. B: Lasers Opt.
72, 67 2001.
13 E. Knill, R. Laflamme, and G. Milburn, Nature London 409,
46 2001.
14 Y.-H. Kim, S. P. Kulik, and Y. Shih, Phys. Rev. Lett. 86, 1370
2001.
15 S. L. Braunstein and H. J. Kimble, Phys. Rev. Lett. 80, 869
1998.
16 A. Furusawa, J. L. Sørensen, S. L. Braunstein, C. A. Fuchs, H.
J. Kimble, and E. S. Polzik, Science 282, 706 1998.
17 J. van Houwelingen, N. Brunner, A. Beveratos, H. Zbinden,
and N. Gisin, Phys. Rev. Lett. 96, 130502 2006.
18 H. Weinfurther, Europhys. Lett. 25, 559 1994.
19 P. Walther and A. Zeilinger, Phys. Rev. A 72, 010302R
2005.
20 W. Tittel, J. Brendel, N. Gisin, and H. Zbinden, Phys. Rev. A
59, 4150 1999.
21 A. Einstein, B. Podolsky, and N. Rosen, Phys. Rev. 47, 777
1935.
22 H. de Riedmatten, I. Marcikic, W. Tittel, H. Zbinden, and N.
Gisin, Phys. Rev. A 67, 022301 2003.
23 H. de Riedmatten, I. Marcikic, W. Tittel, H. Zbinden, and N.
Gisin, Phys. Rev. Lett. 92, 047904 2004.
24 V. Scarani, H. de Riedmatten, H. Marcikic, I. Zbinden, and N.
Gisin, Eur. Phys. J. D 32, 129 2005.
25 W. Tittel and G. Weihs, Quantum Inf. Comput. 1, 3 2001.
26 J. D. Franson, Phys. Rev. Lett. 62, 2205 1989.
27 C. K. Hong, Z. Y. Ou, and L. Mandel, Phys. Rev. Lett. 59,
2044 1987.
28 F. Grosshans and P. Grangier, Phys. Rev. A 64, 010301R
2001.
29 D. Bruss, D. P. Di Vincenzo, A. Ekert, C. A. Fuchs, C. Mac-
chia Vello, and J. A. Smolin, Phys. Rev. A 57, 2368 1998.
VAN HOUWELINGEN et al. PHYSICAL REVIEW A 74, 022303 2006
022303-12
1
Q
t
d
i
c
d
l
s
d
t
l
t
m
c
l
t
d
n
m
o
d
p
a
s
p
m
w
p
t
t
l
p
m
f
s
398 J. Opt. Soc. Am. B/Vol. 24, No. 2 /February 2007 Landry et al.Quantum teleportation over the Swisscom
telecommunication network
Olivier Landry, J. A. W. van Houwelingen, Alexios Beveratos, Hugo Zbinden, and Nicolas Gisin
Group of Applied Physics, University of Geneva, 20 rue de l’École-de-Médecine, 1205 Geneva, Switzerland
Received April 28, 2006; accepted May 23, 2006;
posted June 6, 2006 (Doc. ID 70460); published January 26, 2007
We present a quantum teleportation experiment in the quantum relay configuration using the installed tele-
communication network of Swisscom. In this experiment, the Bell-state measurement occurs well after the
entanglement has been distributed, at a point where the photon upon which data are teleported is already far
away, and the entangled qubits are photons created from a different crystal and laser pulse than the teleported
qubit. A raw fidelity of 0.93±0.04 has been achieved using a heralded single-photon source. © 2007 Optical
Society of America
OCIS code: 060.4150.
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t. INTRODUCTION
uantum teleportation, or the ability to transfer informa-
ion in the form of qubits between two locations without a
irect quantum channel, has many practical applications
n addition to its fundamental significance. In quantum
ommunication protocols, such as quantum key
istribution,1,2 the maximum distance one can reach is
imited by channel losses and detector noise. When the
ignal-to-noise ratio gets lower than a certain limit that
epends on the choice of protocol and experimental de-
ails, no secure information can be retrieved. While the
osses in optical fibers cannot be decreased with current
echnologies, a suitably designed communication channel
aking use of quantum relays3,4 or quantum repeaters5
an reduce the noise and therefore increase the distance
imit. Quantum relays use quantum teleportation and en-
anglement swapping to perform a kind of quantum non-
emolition measurement at some points within the chan-
el, in effect measuring the presence of a photon without
easuring the qubit it carries. Detectors can then be
pened only when a photon is certain to arrive, reducing
ark counts, the main source of noise. Quantum repeaters
erform the same task but also use quantum memories
nd entanglement purification.
In previous experiments, teleportation was demon-
trated inside a laboratory6–8 or in the field but without
rior entanglement distribution.8 The Bell-state measure-
ent (BSM) always took place before the third photon
as distributed to Bob. On the other hand, in all these ex-
eriments, the same laser pulse was used to create both
he entangled pair and the photon to be teleported. These
wo points limit the feasibility of a practical quantum re-
ay and open conceptual loopholes. Here we present an ex-
eriment where teleportation occurs long after entangle-
ent distribution and the photons involved originate
rom two crystals excited by different pulses from the
ame laser.0740-3224/07/020398-6/$15.00 © 2. PROTOCOL
he quantum teleportation protocol9 (schematically de-
cribed in Fig. 1) requires that Bob (the receiver) and
harlie (a third party) share an entangled state, which in
his case is a + state. Alice (the sender) needs to send a
ubit over to Bob, but does not possess a direct quantum
hannel. She sends it to Charlie who performs a BSM10
sing a beam splitter and classically announces the result
o Bob.
Time-bin qubits12 have proved to be very robust against
ecoherence in optical fibers13 and several long-distance
xperiments have been demonstrated.7,14,15 In this experi-
ent, time-bin qubits lying on the equator of the Bloch
phere are created using an unbalanced interferometer.
or a review of time-bin qubits see Tittel and Weihs.16
. SETUP
he experimental setup is shown in Fig. 2. A mode-locked
i:sapphire laser (Mira Coherent, pumped using a Verdi
aser) creates 185 fs pulses with a spectral width of 4 nm
t a central wavelength of 711 nm, a mean power of
00 mW, and a repetition rate of 75 MHz. This beam is
plit in two parts using a variable coupler ( /2 and a po-
arization beam splitter).
The transmitted light is sent through an unbalanced
ichelson interferometer stabilized using a frequency-
tabilized HeNe laser (Spectra Physics 117A) and then on
lithium borite (LBO) nonlinear crystal (NLC) cut for
ype-I phase matching, which creates a time-bin en-
angled photon pair in the + state by spontaneous para-
etric downconversion. The created photons have wave-
engths of 1310 and 1555 nm and are easily separated
sing a wavelength division multiplexer (WDM). A Si fil-
er is used to remove the remaining 711 nm light.007 Optical Society of America
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Landry et al. Vol. 24, No. 2 /February 2007 /J. Opt. Soc. Am. B 399. Charlie’s Photon
he 1310 nm photon is sent in a 179.72 m spool of fiber.
his spool serves as a rudimentary quantum memory
QM). While Charlie’s part of the entangled qubit pair is
aiting in this spool, Bob’s part leaves the laboratory.
. Alice’s Photon
lice prepares her photon using the light reflected from
he variable coupler. A pair of photons is created in the
ame type of crystal as above, then separated. The
555 nm photon can either be discarded or detected by an
nGaAs avalanche photodiode (APD) in order to herald
he photon to be teleported.17,18 If it is not detected, tele-
ortation still occurs without other changes in the setup.
ig. 1. (Color online) Teleportation protocol. Quantum channels
re in plain lines, classical channels are in dashed lines. The
tate that Bob measures is the same that Alice sent to Charlie up
o a unitary transformation. EPR source is a source of entangled
tates, or Einstein–Podolsky–Rosen states.11
Fig. 2. (Color online) Optical circuit. PC, PolarizationThe 1310 nm photon is stored in a 177 m spool of fiber.
he 2.72 m difference with Charlie’s QM corresponds ex-
ctly to the spacing between two subsequent pulses of the
aser. This means that Alice’s photon upon which the qu-
it to be teleported will be encoded is produced from a dif-
erent pulse of the laser than Charlie’s and Bob’s photons.
his is a conceptually important step toward completely
ndependent laser sources.19,20
To encode a qubit on her photon, Alice sends it after the
pool to an unbalanced fiber interferometer indepen-
ently and actively stabilized7 by a frequency-stabilized
aser at a wavelength of 1552 nm (Dicos OFS-2123). Only
hen is Alice’s qubit created. Note that at this point, Bob’s
hoton is already 177 m away from the laboratory. Once
lice’s photon has been encoded, Charlie performs a BSM
ointly with his photon and the photon Alice prepared.
. Alignment and Stabilization
lice’s and Charlie’s photons need to arrive at the beam
plitter within their coherence time and be indistinguish-
ble for the BSM to be successful. Charlie’s photon passes
hrough a polarization controller to make both polariza-
ions equal at the beam splitter. Chromatic dispersion is
egligible at the 1310 nm wavelength. Charlie filters both
hotons down to 5 nm of bandwidth, which corresponds to
coherence time of c=500 fs or a coherence length of
c=150 m, approximately three times more than the ex-
itation pulse. The easiest way to control the distance
raveled by the photons with this precision is to add a
ariable delay consisting of a retroflector mounted on a
icrometer step motor placed right after the variable cou-
ler, which can move with a precision of 200 nm.
A Mandel dip21 experiment (Fig. 3) is performed in or-
er to measure the degree of temporal indistinguishabil-
ller; QM, rudimentary quantum memory (fiber spools).contro
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isibilities are V00=0.255 and V11=0.266 for the short and
ong paths, respectively. Corrected visibilities are near to
he theoretical maximum net visibility of 13 .
22 The width
f the Mandel dip, which corresponds to the coherence
ength of the photons, is 144 m as expected for filters of
nm. Since the fiber spool at Alice’s side is longer by one
ulse period, the two photons that experience photon
unching have not been created by the same excitation
ulse but from subsequent ones.
Unfortunately, the alignment of the different paths is
ot inherently stable. Temperature fluctuations in the
aboratory will affect the length of the fibers and the rep-
tition rate of the laser. To avoid length fluctuations of the
ber spools, they have been placed in a common insulated
ox so that any fluctuation will apply equally to both. The
uctuation in the length difference of the nominally equal
77 m spools of fiber has been measured in a Mach–
ender setup to be less than 10 m. Longer fibers simi-
ig. 3. (Color online) Circles correspond to the number of long
ath coincidences in the coupler, the squares to short path coin-
idences. Both show a Mandel dip (with visibilities V11=0.266
nd V00=0.255, respectively), which demonstrates indistinguish-
bility. Both Mandel dips also are at the same location, demon-
trating good alignment of the interferometers.
ig. 4. (Color online) In squares, the number of counts (sum of
hort and long paths, normalized) without active stabilization.
fter a few hours, the coincidence rate has risen to a level equal
o that outside the Mandel dip. This means that the photons path
engths are different by more than their coherence length and no
unching occurs. In circles, a similar experiment with active sta-
ilization shows that the indistinguishability condition is now
table.arly insulated show larger fluctuations: spools of 800 m
howed fluctuations of up to 60 m over less than an
our, which would have destroyed complete indistinguish-
bility in the long term.
There remain two effects that have to be compensated
or. First, the thermal expansion of the additional 2.72 m
f fiber on Charlie’s side is not compensated for by an
qual length on Alice’s side as for the other fibers. This
.72 m will undergo a thermal expansion of 100 m/K.
econd, the laser repetition rate fluctuates in a seemingly
andom fashion by up to 400 Hz/h in the worst cases, a
uctuation that would cause a change of 15 m in the ad-
itional length needed to skip exactly one period of the la-
er. These phenomena combined mean that Alice’s photon
nd Charlie’s photon will not stay indistinguishable for
ore than a few hours, not enough to perform a telepor-
ation experiment.
The squares curve in Fig. 4 demonstrates this instabil-
ty. A Mandel dip experiment is performed to find the
inimum of the curve as in Fig. 3. The motor moves to
his point at time zero and is not moved afterward. It can
learly be seen that the number of coincidences registered
ncreases with time. After a few hours, a plateau is
eached where no bunching occurs anymore.
Numerous experiments have shown that the departure
rom the minimum of the Mandel dip is very well corre-
ated with the repetition rate of the laser, which is regis-
ered using an external counter (Agilent 53131A). This is
ecause the only parameter involved is the temperature
f the laboratory; the laser can then be used as a very sen-
itive thermometer. It is therefore possible to link the
tep-motor movement with the measured repetition rate
sing a LABVIEW program such that the motor moves at an
mpirically derived rate of 0.07 m/Hz. In this way, the
tep-motor position is constantly adjusted for optimal in-
istinguishability. The results are also shown in Fig. 4 in
ircles.
Another way of stabilizing the length difference would
ave been to measure the number of coincidences when
nside the Mandel dip and move the motor accordingly in
feedback loop. However, due to the low count rate, the
ntegration time would have been longer than the ob-
erved fluctuation time, making such a system inefficient.
. Bell-State Analyzer and Electronics
oth 1310 nm photons are sent to a Bell-state analyzer
BSA) consisting of a beam splitter and two detectors
ig. 5. Schematic of the electronic circuit used to compare the
hotons time of arrival in the BSA. Each time a photon is de-
ected in each detector with a 1.2 ns delay between each photon,
hich corresponds to a − detection, a triggering signal is sent
o Bob.
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Landry et al. Vol. 24, No. 2 /February 2007 /J. Opt. Soc. Am. B 401Charlie). One detector is a passive Ge APD, the other is a
nGaAs APD (IdQuantique Id 200) triggered by the first
ne.
An electronic signal is generated for each photon detec-
ion. These signal time arrivals are electronically com-
ared as shown in Fig. 5. A − detection occurs when
wo photons arrive on different detectors with a time dif-
erence of one time bin, or 1.2 ns in our setup. To reduce
ark counts, only those photons that are coincident with a
lock signal from the laser are considered. In total, the
lectronic circuit is able to make a decision whether the
ignal is a − in approximately 220 ns. This time corre-
ponds to the physical cable lengths and various delays
hat had to be implemented to trigger the active detectors
nd synchronize and transform the electric signals. When
he conditions for a − are not fulfilled, no information
bout the state is available. When a − has been suc-
essfully detected, the information is sent to Bob over a
econd optical fiber (the classical channel) and by means
f an optical pulse.
. Bob’s Photon
ob is at a Swisscom substation at a flight distance of
50 m from the laboratory, but an optical fiber distance of
00 m. Losses in the these fibers are smaller than 2 dB.
o minimize chromatic dispersion and reduce spurious
etections, the photon is filtered down to a 15 nm width.
Upon receiving the qubit, Bob stores it in a very basic
M consisting of a fiber spool of 250 m waiting for the
SA’s information to arrive. Once the confirmation of a
uccessful − measurement reaches Bob, he opens his
nGaAs APD (IdQuantique Id 200) and detects the incom-
ng photon after sending it through an analyzing interfer-
meter. Photons that do not correspond to a successful
− measurement from Charlie are discarded. Arrival
imes of the photons with respect to the classical signal
re measured by means of a time-to-digital converter.
iming jitter between the classical information and the
ubit is negligible and much smaller than the timing
esolution of the InGaAs detector.
By scanning the analyzing interferometer, Bob mea-
ures the visibility of the interference in order to extract
he fidelity of the teleported state. Bob actively stabilizes
is interferometer with a frequency-stabilized laser at a
avelength of 1533 nm (Dicos OFS-320).
It is important to note that Bob is a completely inde-
endent unit, with its own local interferometer stabiliza-
ion and controls. A LABVIEW program developed in-house
llows an operator to control Bob, Charlie, and Alice from
he laboratory using a dedicated TCP/IP channel that
ses the third fiber indicated in Fig. 2. In particular, the
etectors have to be closed when the interferometers are
eing stabilized; synchronization of the stabilization and
easurement periods are made through this channel.
ross talk between this fiber and the quantum channels
s negligible, even at the single-photon level.
. Difference between the Three-Photon and Four-
hoton Setup
he laser light does not need to be separated equally be-
ween the two NLCs, and the ratio can be adjusted to
inimize noise.7 When the 1555 nm photon from Alice’sLC is not detected, double pair creation in the Einstein–
odolsky–Rosen (EPR) source can create a false signal
ven if there is no photon created in Alice’s NLC, since it
s possible that one photon from the double pair will find
ts way to the Ge APD and the other one to the InGaAs
PD. On the other hand, double pair production in Alice’s
LC will not be recorded if there is no corresponding pho-
on at Bob’s. Therefore in this case, it is usual to use less
ower on the EPR source than on Alice’s source to mini-
ize the number of false counts. However, when the
ourth photon is also detected, no false signal will be re-
orded unless there is also a pair created at Alice’s source;
herefore we can use equal power on both sources. The re-
ulting noise reduction allows a greater signal-to-noise
atio.
. RESULTS
. Teleportation without a Heralded Single Photon
first experiment was performed without detecting the
ourth photon to allow for a greater count rate. We first
erformed a Mandel dip to adjust the variable delay and
inked its position to the repetition rate of the laser as de-
cribed before. We locked the phases of the bulk and Al-
ce’s interferometer and slowly scanned Bob’s interferom-
ter phase. Each point was measured for 53 min to
ccumulate statistics. The results are shown in Fig. 6.
The power on the entangled photon source was lowered
ompared to the power on Alice to reduce noise. The prob-
bility of creating a pair of photons per pulse on Alice’s
LC was PA=0.19 and the probability of creating a pair of
ntangled photons per pulse was PB=0.07.
The presence of two complete periods shows that the
xpected cosine is well reproduced. The visibility of the
urve and the fidelity14 F= 1+V /2 are good measures of
he quality of the teleportation. The raw visibility Vraw
0.46±0.06 Fraw=0.73±0.03 is higher than the classical
imit V= 13 F=
2
3 . The difference with a perfect visibility
omes mainly from known sources of noise such as double
air production in the NLC and dark counts in the detec-
ors. This noise can be measured by running the same ex-
ig. 6. (Color online) Teleportation experiment: as we scan the
hase of Bob’s interferometer, the number of coincidences oscil-
ates, which shows that the qubit is in the expected superposition
tate. When subtracting noise, the near-perfect visibility Vnet
0.92±0.13 shows that decoherence is minimal. The raw visibil-
ty of V =0.46±0.06 is still higher than the classical limit.raw
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hese sources of noise are measured and subtracted, we
et a net visibility of Vnet=0.92±0.13 Fnet=0.96±0.06.
e can conclude that decoherence is minimal.
. Teleportation with a Heralded Single Photon
ven though the sources of the reduced visibility are
nown and understood, for practical applications a high
aw visibility is needed. We performed a second experi-
ent where we detected the fourth photon to transform
lice into a heralded single-photon source. In this case,
he probability of creating a pair was set to be roughly
qual in both NLCs at P=0.13. The efficiency of the de-
ector and additional losses induced by the additional op-
ical components meant that the overall signal was re-
uced by a factor of 15, and each point necessitated 6 h of
ata accumulation. However the noise reduction meant
hat the raw visibility was much higher at Vraw
0.87±0.07 Fraw=0.93±0.04, which is higher than the
loning limit V= 23 F=
5
6 .
23,24 The results are shown in
ig. 7.
In this case, the noise is so low as to be unmeasurable
y conventional means. Therefore, we did not measure
he net visibility. We should point out that in this case,
he raw visibility is as high (within uncertainties) as the
et visibility of the previous experiment. We can conclude
hat the main sources of noises can be eliminated by us-
ng a heralded single-photon source.
. CONCLUSION
n summary, we have performed a teleportation in condi-
ions that are close to field conditions. Bob was a com-
letely independent setup and was remotely controlled.
lice’s qubit was created only after the entanglement dis-
ribution took place. The necessary optical delays were
tabilized using the variations of the repetition rate of the
aser, an easily obtainable information. The qubits were
reated using different pulses of this laser. In the future,
sing truly independent lasers will enable the construc-
ion of a teleportation machine that will have the ability
o receive and transport information from another inde-
endent machine, an ability that would be helpful in
ig. 7. (Color online) When taking into account the fourth pho-
on, noise is greatly reduced, and we are able to see a raw vis-
bility of Vraw=0.87±0.07.uantum networks, for example. Using a heralded single-
hoton source, we were able to obtain a raw fidelity of F
0.93±0.04.
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Synchronized and independent picosecond photon sources for quantum
communication experiments
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An essential requirement for the future of quantum communication is the capability to create in-
distinguishable photons at separate locations. The biggest challenge is temporal-indistinguishability
because there exist many sources of jitter which cause distinguishability. This article reports a sys-
tem that creates a large tolerance against such jitter by using synchronized sources of photons with
large coherence lengths.
PACS numbers: 03.67.Hk,42.50.Dv,42.81.-i
Introduction
Quantum communication and information has seen a
lot of development in photon sources in recent years.
Most of this research focusses on increasing either the
rate and/or the quality of the entanglement produced.
Also many different types of sources have been imple-
mented [1, 2, 7, 10–12]. Such sources are essential for the
construction of a quantum repeater (QR) [3, 6]. A QR
allows distribution of entanglement over large distances.
It consists of a large number of entangled pair sources,
quantum memories and Bell-state analyzers (BSA) in or-
der to perform a cascaded entanglement swapping which
will eventually create entanglement between the first pho-
ton and the last (Fig. 1). The BSA is an essential part
of this protocol and is responsible for a lot of the experi-
mental constraints. It requires that both of the analyzed
photons are completely indistinguishable.
Amongst all possible sources of distinguishability one
is of a particular difficulty, temporal distinguishability. If
the two photons for the BSA arrive at different times the
BSA does not function, and therefore neither does the
entanglement swapping. Several methods can be con-
etc etc
Quantumchannel
synchronisation
Quantum channel
synchronisation
FIG. 1: Graphic representation of a quantum repeater. The
squares represent quantum memories and the stars photon-
pair sources. At the position where the arrows meet a Bell-
state analyzer(BSA) is used which ‘swaps’ the entanglement.
The synchronization is required for the BSA.
†email: jeroen.vanhouwelingen@physics.unige.ch
ceived to assure temporal indistinguishability. Recently
a new method was proposed and tried which uses cw-
sources [8]. This method is an interesting approach but
has it own set of of problems. In this paper we will focus
on the second, and more common, method of achieving
temporal indistinguishability. It consists in using pulsed
lasers as a ‘clock’ for the experiment. Unfortunately it is
difficult to synchronize two different laser. Experiments
have been done that circumvent this problem by using a
single pulsed laser for both sources.
Using pulsed lasers means that the times at which pho-
tons are created are strictly correlated. In order to assure
equal time of arrival on the BSA all that is then required
is an alignment of path lengths to a difference less than
the coherence length of the photons. Also it is required
that this alignment stays stable during the experiment.
Entanglement swapping performed in this manner has
proven to function for a variety of systems[5, 13]. How-
ever all these experiments have a common fault, it is
impossible to separate the photon sources by any signif-
icant distance. This is a direct result of the fact that
the pump-pulses cannot be easily distributed. In order
to simulate independent sources experiments have been
done that use different pump pulses and different non-
linear crystals, but what is really needed is the use of
different lasers altogether. Because of the requirements
of the BSA such lasers have to be synchronized to a very
high degree. Few experiments have investigated the prob-
lems associated with such systems, they will be discussed
further below.
As mentioned above another important point for tem-
poral indistinguishability is the stability of the path
lengths that the photons will take to get to the BSA.
When using optical fibers at telecommunication wave-
lengths these path lengths can fluctuate up to the order
of several millimeters per day[14]. In terms of jitter this
corresponds to several picoseconds. Therefor either an
active control of path length is required or the system
must have tolerances for such fluctuations.
2Innovative experiments have been done[9, 15] that have
shown that in principle it is possible to use independent
lasers to perform a BSA. Neither of the techniques used
in these experiments can be easily used to truly make a
QR. In the first case the two independent sources had a
common optical element, making it impossible to phys-
ically separate both sources. And both experiments are
very sensitive to path length fluctuations and drifts of
repetition frequency because of the use of photons with
short coherence lengths. This means that a big effort
has to be made to assure temporal indistinguishability
in the presence of picosecond path length fluctuations.
The second experiment consisted of two laser that can
be physically separated but a active correction for delay
drifts of the synchronization was required.
In this paper we will show a system that can be both
physically located at different places and is highly toler-
ant against path length drifts. It consists of using very
narrow bandwidth photons which means photons with
long coherence lengths. Such photons have the advan-
tage that the BSA is a lot more tolerant to a difference
in arrival time. In order to create a large number of such
photons it is useful to use ps-pulsed sources instead of the
fs-pulsed sources used up to date. Furthermore two dif-
ferent types of laser will be used to show the versatility of
the scheme. One laser will be a mode-locked Ti-sapphire
(MIRA) pumped by a diode pump-laser (VERDI). In the
long term it is important for QR to be able to work with
‘cheap and simple’ sources. In order to approach such
a source the second laser source will be an electrically
pumped pulsed diode laser (PICOQUANT). Also the es-
sential requirement to send our synchronization signal
over large distances will be investigated.
Theory
An important parameter for the quality of synchroniza-
tion is jitter. One can easily imagine that the quality of a
BSA is greatly reduced if one or both sources have a large
jitter because this introduces temporal distinguishability
between the created photons (Fig. 2). If we assume
the use of pulsed lasers and parametric-downconversion
to create photon-pairs several different sources of jitter
can be identified. First of all there is the intrinsic jitter.
Every laser has a certain uncertainty in the time of emis-
sion of a pulse, this jitter is minimal in a free-running
modelocked-laser but can be important in pulsed diode-
lasers. Second, there is a timing jitter which is created
by the synchronization system itself. Finally there is the
path-length jitter. As explained above, fluctuations in
path-length will influence the time of arrival on the BSA.
Obviously an effort has to be made to limit all of these
quantities, but one method to overcome them all is to in-
crease the coherence length of the photon-pairs (Fig. 2)
since this will effectively reduce the jitter per pulsewidth.
FIG. 2: Effects of a displacement on the overlap between two
functions. The top two images show a clear reduction of the
overlapping area (black) of two identical but displaced func-
tions when their displacement is increased. The bottom two
graphs show a less important reduction since the functions
are wider.
The result of such a change is best illustrated with the
visibility of a Hong-Ou-Mandel(HOM) dip: Consider the
probability P of photon bunching when two identical pho-
tons arrive at a different time on a beamsplitter.
Pbunch =
1
2
∗
((∫
f∗(t)f(t+ τ)dt
)2
+ 1
)
(1)
where f(t) is the amplitude of the temporal distribution
function of the photon and τ is the difference of arrival
time. When assuming a gaussian distribution for the
photons we find:
f(t) =
√
Ne−8ln2
t2
w2 (2)
Pbunch =
1
2
((
N
∫
e−
8ln2
w2 (t
2+(t+τ)2)dt
)2
+ 1
)
(3)
=
1
2
(
e−
4ln2
w2
τ2 + 1
)
(4)
here N is a normalisation factor and w is the FWHM
of f(t). It is convenient to rewrite this last formula in
dimensionless units:
∆ ≡ τ
w
(5)
Pbunch =
1
2
(
e−4ln2∆
2
+ 1
)
(6)
where ∆ is the amount of FWHMs the photons arrive
apart. When considering jitter the time-of-arrival differ-
ence will fluctuate, there is a probability Pj to find the
photon at a delay ∆ of:
Pj(∆, wj) =
2
wj
√
ln2
pi
e
−4ln2∆2
w2
j (7)
where we assumed a gaussian distribution with FWHM
wj . When performing a standard HOM dip experiment
with these parameters the average visibility of the system
equals
V =
∫
Pj(∆, wj)V (∆)d∆ (8)
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=
∫
Pj(∆, wj) (2Pbunch−1(∆)) d∆ (9)
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This result shows (Fig. 3) a clear decrease of the visi-
bility as a result of time-of-arrival jitter. It also shows
that some jitter can be tolerated without a dramatic loss
in visibility as long as wj remains small. The visibility
of a HOM dip directly indicates the maximal visibility
that can be obtained in an entanglement swapping exper-
iment. The limit on the overall jitter at which it is still
possible to see a visibility high enough to violate Bell’s
inequality (V=
√
0.5) is a jitter equal to the FWHM of
the displacement per pulselength.
If we consider Fourrier limited pulses the pulsewidth is
equal to the coherence length lc.
lc = 0.44 ∗ λ
2
0
∆λ
(12)
where λ0 the central wavelength and ∆λ the spectral
width. In order to increase the coherence length and thus
effectively reducing wj the only viable option is to have
a very small ∆λ. The generation of photon-pairs with
SPDC usually creates a large spectrum which can eas-
ily exceed several dozens of nm. At telecommunication
wavelengths (λ0 = 1550nm) such a spectrum corresponds
to coherence lengths of the order of 10−5m which is not
enough when having mm-range pathlength fluctuations.
One obvious approach is to use only a small part of the
spectrum generated by the source i.e. use spectral filter-
ing. However if coherence lengths of the order of a cm
are desired extremely narrow filters are required. The fil-
ters used for our experiment are a combination of a fiber
bragg-grating(FBG) and a phase-shifted FBG (more in
the next section). In order to have a well defined total
energy of the photon-pairs it is also required to filter the
pump-photons. Furthermore the coherence length of the
created photon-pairs most be larger than the length of
the pulse that generated them [16] but shorter than the
difference between two time-bins.
The HOM dip as explained above is a good method to
show the usefulness of our sources for QRs. A method
that can be used to directly show that two lasers are
synchronized is to perform a cross-correlation measure-
ment. One way of doing this is to by passing light form
both sources through a non-linear crystal (NLC) cut for
type II phasematching. When both pulses arrive at the
same time in the NLC there will be frequency-doubling
with an intensity dependant on their overlap. Assuming
gaussian spectrums and Fourier limited pulses this means
that the length of the frequency-doubled light is equal to
wfd =
√
w2s1 + w
2
s2 + w
2
j where wfd, ws1, ws2 and wj are
the widths for the frequency-doubled light, first laser, sec-
ond laser and the synchronization jitter respectively. In
order to find the value of wj it is required to first measure
the pulse lengths ws1 and ws2 using an auto-correlation
measurement. This is similar to the cross-correlation but
both sources are one half of a single pulse.
Experiments
As mentioned in the introduction it is important for
quantum communication to have simple entanglement
sources. With this in mind we developed a source based
on a pulsed laserdiode, instead of the more common
mode-locked lasers. The diode produces pulses with a
FWHM of about 25ps at a wavelength of 1550nm. The
power of the diode 20µW. A higher output power is pos-
sible but this increases the length of the pulse. In order
to amplify the power several Er-doped fiber amplifiers are
used. First the light passes two pre-amplifiers. The out-
put is filtered with an FBG in order to remove the ampli-
fied spontaneous emission (ASE). After the filter the light
is once more amplified by the main-amplifier. The result-
ing pulses have a power of 200mW with a narrow spec-
trum. These pulses are then send trough a PPLN crystal
which through frequency doubling generates 2mW of the
desired light at 775nm with a spectral width of 0.4nm
(Fig. 4).
The other source used for the experiments is a
more conventional modelocked-laser generating picosec-
ond pulses with a wavelength of 775nm, bandwidth of
1.1nm and a pulse length of about 5ps. The power of
this laser was matched to the diode laser by using gray
filters.
The synchronization of these two sources was per-
formed using a master-slave configuration. A part of the
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FIG. 4: Schematic of the diode-based pulsed picosecond laser.
The light from a pulsed diode laser is amplified in several
stages. After this it is frequency doubled and remaining
pumpphotons are spatially filtered using a prism.
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FIG. 5: Setup for correlation measurements. For cross-
correlations two laser pulses from different sources are com-
bined at a PBS. For autocorrelation measurements these
pulses originate from the same laser. Frequency doubling is
only possible if both pulses pass the crystal at the same time.
light emitted by the MIRA is send to a fast diode. This
signal is then used to directly trigger the diode laser. In
order to test the jitter of the synchronization a cross-
correlation measurement (Fig. 5) was performed. It
consisted of combining the two lasers using a polarizing
beamsplitter. The mode-locked laser had a large variable
optical delay-line which was adapted to assure the same
time of arrival of the two sources on the PBS. Behind the
PBS there was an BBO-crystal cut for type II parametric
downconversion. Such a crystal is also efficient for upcon-
version of two 775 photons to a single 387.5nm photon.
The blue light was separated from the other wavelengths
with a prism and measured using a Si-APD. The delay
was scanned while recording the countrate. The result
of this measurement (Fig. 6) shows a FWHM of 8.3mm
(28ps). This length corresponds to a combination of jit-
ter and pulse widths so in order to measure the jitter
it is also required to measure the pulse lengths. This
was done with a setup similar to the cross-correlation
but the two inputs of the PBS now came from the same
source. The measured pulse widths are 1.5mm (5.0ps) for
the mode-locked laser and 6.2mm (20.7ps) for the diode
laser (Fig. 6). Using these measurements it is possible to
calculate the jitter, which is found to be 18ps (5.9mm).
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FIG. 7: Small bandwidth filter created by combining a FBG
and a ps-FBG. The transmission bandwidth is 30pm.
The jitter found in the cross-correlation experiment
puts a limit minimal limit on the pulse width required
to find a high visibility in a HOM-dip. From its value
it is possible to conclude that if a visibility greater then
95% is desired pulse lengths of about 20mm (67ps) are
required.The visibility of the HOM-dip directly gives the
maximum quality of any quantum communications pro-
tocol. One practical method of creating such pulses is
to filter out a small spectrum of the generated photons.
In this experiment a 30pm filter was used. This fil-
ter consisted of several parts, one standard fiber Bragg-
grating(FBG), reflecting the desired wavelentgh at a
large bandwidth, one circulator and one phase-shifted
FBG, which has a very narrow transmission peak in its
otherwise large-banded reflection (Fig. 7). Two such fil-
ters where used and finetuned to match each other using
temperature.
The setup for the HOM-dip (Fig. 8) consisted of
the same two sources as used for the cross-correlation
measurement. The light from these sources was send
into PPLN-waveguides in order to produce pairs of pho-
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beamsplitter and will bunch depending on the delay-line.
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FIG. 9: Measured HOM-dip using two independent and sep-
arable sources.
tons with SPDC. These pairs where send into optical
fibers, filtered using the filters described above and then
send to a BS. The large variable delay was scanned and
coincidence countrates detected. The result (Fig. 9)
V = 0.23 ± 0.5, and w = 33.3 ± 0.9pm. Note that the
maximum visibility that can be found is 13 because the
sources are probabilistic[4].
Unfortunately it is difficult to make a conclusion about
the distinguishability caused by jitter from this value. Ei-
ther the visibility is reduced by jitter or by other factors.
The FWHM of the result corresponds to the expected
value, if jitter would have caused a loss in visibility the
width would also have increased.
In order to test whether the cause of the low visibility
was jitter we also performed a HOM-dip using only the
MIRA as pump. In this setup there is no jitter from the
pump photons. The result (Fig. 10) of this experiment
shows a visibility V = 0.22± 1.5, and w = 38.9± 3.8pm.
These two results combined lead to the conclusion that
the loss of visibility is not caused by jitter.
It is important that our sources could be used at large
distances from each other, therefore the electrical trigger
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FIG. 10: Measured HOM-dip using the MIRA as pump for
both waveguides.
signal for the HOM-dip experiments was not send using
an electrical cable. We used a small laser-diode with a
wavelength of 1550nm to generate an optical pulse from
the electrical signal. This pulse is send through ???m of
fiber before being detected by a PIN-diode. This signal is
amplified and used as the trigger. For experiments with
more than 2 sources it would be very interesting to use a
distributed clock such as those that can be obtained from
GPS satellites. This experiment doesn’t investigate this
option but is would be interesting in the near future.
Conclusions
In conclusion we have shown that it is possible to build
pulsed photon-sources with pico-second pulse lengths us-
ing different techniques. It is possible to synchronize two
sources too such an extend that the jitter and path length
fluctuations are not a cause of loss of visibility. Such
sources are required if one wants to build a QR with
multiple locations for the photon sources.
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Semiconductor Waveguide Source of Counterpropagating Twin Photons
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We experimentally demonstrate an integrated semiconductor source of counterpropagating twin
photons in the telecom range. A pump beam impinging on top of an AlGaAs waveguide generates
parametrically two counterpropagating, orthogonally polarized signal/idler guided modes. A 2 mm long
waveguide emits at room temperature one average photon pair per pump pulse, with a spectral linewidth
of 0.15 nm. The twin character of the emitted photons is ascertained through a time-correlation
measurement. This work opens a route towards new guided-wave semiconductor quantum devices.
DOI: 10.1103/PhysRevLett.97.173901 PACS numbers: 42.70.Qs, 03.67.a, 42.65.Lm, 42.65.Wi
Momentum conservation is a general property that ap-
pears in various physical contexts such as classical dynam-
ics, optics, x-ray diffraction, and elementary particle
collisions. In the field of nonlinear optics, which is the
framework of the semiconductor source of twin photons
described in the following, momentum conservation results
in the phase matching between nonlinearly radiating di-
poles. In parametric fluorescence, where one pump (p)
photon is annihilated into two signal (s) and idler (i)
photons sharing its energy, the translational invariance of
the crystal can match the photon momentum before and
after the down-conversion: kp  ks  ki. This is indeed
the most widely used process to produce entangled photon
pairs, which are one of the most intriguing phenomena at
the heart of quantum mechanics [1]. Entangled two-photon
states have been used to demonstrate the violation of Bell
inequalities and confirm the foundations of quantum me-
chanics [2–4]. They are now the building block of quan-
tum information [5], including quantum-key distribution
protocols, quantum computing [6,7], or teleportation [8].
Different approaches have been followed to produce
entangled two-photon states: atomic radiative cascades
[2] and parametric fluorescence in nonlinear dielectric
birefringent materials [3,4,9]. Compared to them, semicon-
ductor materials fulfil stability, robustness, and integration
criteria, thus exhibiting a huge potential in terms of inte-
gration of novel optoelectronic devices. A semiconductor
source of entangled photons based on the biexciton cascade
of a quantum dot has recently been demonstrated [10].
With respect to this technique, parametric generation in
semiconductor waveguides allows room-temperature op-
eration and a high directionality of the emission, which
dramatically enhances the collection efficiency and de-
creases the rate of broken pairs (where one of the two
photons is not collected). Moreover, the high nonlinear
susceptibility of AlGaAs along with its well-mastered
growth technique makes it particularly attractive for this
purpose [11]. Recently, counterpropagating phase match-
ing has attracted some interest for its potential in twin
photon experiments for quantum communication [12–
14], but no experimental demonstration of the generation
of counterpropagating twin photons has been reported to
date.
In this Letter, we use parametric fluorescence to produce
counterpropagating twin photons in an AlGaAs multilayer
waveguide. In our geometry, a pump beam impinging on
top of a waveguide generates parametrically two counter-
propagating, orthogonally polarized signal/idler guided
modes through a type II interaction [Fig. 1(a)]. Counter-
propagation results from the translational invariance of the
waveguide along the propagation direction (z), where the
momentum difference between the generated photons of a
pair equals the longitudinal component of the pump mo-
mentum, ks  ki  kp sin [Fig. 1(b)]. In order to improve
the efficiency of the nonlinear process, we implement
quasiphase matching in the epitaxial direction (x) through
an alternation of AlGaAs layers with different Al content
and therefore different nonlinear coefficients d14 [15].
Important advantages result from such a geometry, in the
aim of realizing quantum communication devices: absence
of the pump beam in the guided direction, automatic
separation of the down-converted photons and their pos-
sible coupling into two optical fibers (through standard
pigtailing process), tunability through the angle of inci-
dence of the pump beam, and the proximity of the gener-
ated photons to the Fourier transform limit [16]. Moreover,
the narrow spectral bandwidth, a signature of counterpro-
pagating processes, is beneficial in two respects: it allows
long-distance propagation in optical fibers with a negli-
gible chromatic dispersion, and most importantly for quan-
tum optics experiments, it is well suited for the interaction
with very thin transition linewidths encountered in atoms
or ions.
Our sample is grown by molecular beam epitaxy
on a GaAs (100) substrate; its planar structure con-
sists of Al0:94Ga0:06As cladding 1080 nm=
Al0:25Ga0:75As 110 nm=4  Al0:80Ga0:20As 124 nm=
Al0:25Ga0:75As 110 nm  =Al0:94Ga0:06As cladding
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(1080 nm). The lateral confinement is provided by a wet-
etched ridge with 4 m width and 2 mm length. AlGaAs is
the material of choice to generate twin photons around
1:55 m, compatibly to telecom devices; however, alter-
native materials can be used to realize a source for the
silicon absorption band, for line-of-sight experiments in
quantum-key distribution [17]. It is important to stress that
two phase-matched processes occur simultaneously in our
scheme: in the first one, the photon copropagating with the
z component of the pump beam is TM polarized and the
counterpropagating one is TE polarized. In the second one,
the vice versa occurs.
These two processes exhibit different output spectra due
to the form birefringence induced by the multilayer ge-
ometry. The sharing of the pump photon energy between
signal and idler results in two concomitant effects: (1) a
higher energy for the TM photon, because it travels faster
than the TE photon due to birefringence; (2) a higher
energy for the photon copropagating with the z projection
of the pump beam, since it carries a supplementary mo-
mentum given by the pump. Additive contributions from
these effects are thus obtained if the copropagating photon
is TM polarized and the counterpropagating one TE polar-
ized: this case shall hereafter be referred to as ‘‘additive’’
interaction. Conversely, the process with a TE copropagat-
ing photon and a TM counterpropagating photon will here-
after be referred to as ‘‘subtractive’’ interaction. The
calculated tuning curves as a function of the pump incident
angle  are shown in Fig. 1(c): the additive interaction is
responsible for the longest and shortest emitted wave-
lengths, whereas the subtractive interaction is responsible
for the intermediate ones. We point out that the two effects
discussed above (birefringence and pumping geometry)
can cancel out exactly, giving rise to wavelength-
degenerate twin photons. As can be seen in Fig. 1(c), this
occurs for   0:4	 in the subtractive interaction.
From an experimental point of view, the acquisition of
the time-correlation spectra of the generated photon pairs
is a crucial issue. In the related setup (Fig. 2) the pump
beam is provided by a TE polarized, pulsed Ti:sapphire
laser with P  768:2 nm and a 3 kHz repetition rate. The
pulse peak power is Pp  100 W and its duration is
100 ns. The pump beam is focused on top of the waveguide
ridge using a cylindrical lens (focal length  2 cm) with
an angle  in the xz plane. The generated photons are
collected with two 63 microscope objectives, spectrally
analyzed with two monochromators, and then coupled into
fibered InGaAs single-photon avalanche photodiodes. A
time-interval analyzer records the delay (ts  ti) between
the arrival times of the generated photons.
The same experimental setup lends itself to the mea-
surement of the spectral profiles of the generated photons,
cylindrical lens
p = 768.2 nm 100 ns pulse
100 W peak         3 kHz rep. rate
si
monochromatormonochromator
single-photon
detector A
time-interval analyser
Ti:sapphire laser 
single-photon
detector B
waveguide
z
x
y
FIG. 2. Experimental setup for spectral analysis and time-
correlation measurements. The generated photons are collected
by two microscope objectives, sent through two monochroma-
tors, and detected by single-photon avalanche photodiodes. A
time-interval analyzer records temporal correlations between the
corresponding current pulses.
a b
c
kp
ki
ks
s
z
x
yp
i
1500
1520
1540
1560
1580
W
av
el
en
gt
h 
(nm
)
Angle of incidence (°)
0 1 2 3
(-) (+)
FIG. 1. Parametric generation of counterpropagating twin pho-
tons in a multilayer waveguide. (a) A pump photon of frequency
!p is converted in two counterpropagating twin photons with
frequencies !s and !i, with !s !i  !p (energy conserva-
tion). (b) Momentum conservation is fulfilled in the longitudinal
direction (z) for appropriate values of ks and ki. (c) Calculated
tuning curves for a pump wavelength 768.2 nm. Thick lines:
additive interaction (+). Thin lines: subtractive interaction ().
The solid lines represent the photons copropagating with the z
component of the pump beam, while the dashed lines represent
the counterpropagating ones. The intersections with the vertical
bar at   3	 are associated with the spectral measurements
shown in Fig. 3.
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which are given by the count rate recorded by each detector
versus wavelength. These are shown in Fig. 3 for   3	,
where sharp peaks are superposed to a flat background. The
spectral structure nicely corresponds to the expected coun-
terpropagating processes: the longest and shortest wave-
lengths result from the additive process, while the
intermediate ones result from the subtractive interaction.
Small secondary peaks are also observed, corresponding to
counterpropagating photons reflected at the waveguide
facets. A complete agreement is found between experi-
mental values and numerical simulations of the generated
wavelengths. For the additive interaction, for example, the
measured wavelengths deduced from Fig. 3 are 1509:5

0:5 nm and 1564:5
 0:5 nm, where the uncertainties stem
from the resolution of the monochromators. The corre-
sponding calculated values are 1508:9
 1 nm and
1564:8
 1 nm [Fig. 1(c)]. Here the uncertainties are
mainly due to the uncertainty on two inputs of our simu-
lations: the experimental values of the incident angle
(
0:05	) and of the pump wavelength (
0:2 nm). Such
a good agreement reflects the robustness of the structure
with respect to the tolerances on the ridge size (width and
height) and to the fluctuations (thickness and composition
of the layers) in the epitaxial process [18]. Apart from the
above experimental uncertainties, the intrinsic full width at
half maximum of the generated spectrum has been accu-
rately measured by difference frequency generation and
was found to be equal to 0.15 nm.
The flat background in the measured spectra arises from
two contributions: (1) dark counts generated by the detec-
tors in the absence of any incident photon, and (2) photo-
luminescence due to electron-hole recombination after
pump absorption, resulting from below-band-gap deep
levels embedded in semi-insulating GaAs substrates. In
the future, both these contributions could be reduced: the
former by employing state-of-the-art detectors and the
latter by partially removing the substrate.
To further assess the twin character of the emitted pho-
tons, the time correlations between the detected counts
have been analyzed. A histogram of the time delays is
shown in Fig. 4, for the case of the additive interaction
with   3	. With a sampling interval of 43 ps, the histo-
gram results from an acquisition time of 12 h. The emission
level remained constant during this long integration time,
which shows the remarkable robustness and stability of the
device.
The peak observed for ts  ti demonstrates unambigu-
ously the twin character of the generated photons; the
750 ps full width at half maximum of the histogram
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FIG. 4. Time-correlation histogram between counterpropagat-
ing photons. The peak at ts  ti corresponds to twin photons,
simultaneously generated in the additive parametric down-
conversion process. The flat background corresponds to coinci-
dences between uncorrelated counts.
100
150
200
60
80
120
100
140
Co
u
n
ts
/se
c
Co
u
n
ts
/se
c
TM (-)
Wavelength (nm)
(b)
(a)
1500 1540 15601520 1580
TE (+)
TE (- )TM (+ )
TM (+ )
TE (- )
TE (+ )TM (-)
FIG. 3. Emission spectra for an angle of incidence of 3	.
Spectrum (a) is acquired by the detector A of Fig. 2, and
spectrum (b) is acquired by the detector B of Fig. 2. Photons
copropagating with the z component of the pump (i.e., impinging
on the detector B) carry a supplementary momentum, and there-
fore have a lower wavelength. In both spectra TM photons have a
lower wavelength than the TE ones, corresponding to their
higher propagation velocity in the multilayer waveguide. The
small secondary peaks result from generated photons that
undergo a reflection at a waveguide facet before impinging on
the detector A or B.
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corresponds to the timing jitter of both detectors. The flat
background is produced by the uncorrelated coincidences
with dark and below-band-gap luminescence counts: in-
deed, switching the pump polarization from TE to TM
leads to the suppression of the ts  ti peak, without mod-
ifying this background. Finally, no time correlation is
found between photons that are generated with different
interactions: this agrees with the expectations, since these
photons are not generated within the same nonlinear
process.
The amount of detected coincidences, 0.15 pairs per
second, allows deducing the brightness of our twin photon
source. Taking into account the quantum efficiency of the
detectors (5%), the transmission of the monochromators
(50%), and the overall transmission along the setup optical
path (40%), we estimate 1500 generated pairs per second.
A similar level is obtained if the subtractive interaction is
selected. Finally, this leads to an average generation rate of
one pair per pump pulse (or 2:5 1014 generated pairs/
pump photon), in good agreement with our numerical
modeling. We emphasize that the above amount of average
generated pairs per pulse is well suited for current stan-
dards in quantum-key distribution protocols.
Moreover, significant improvements in quantum effi-
ciency and background noise suppression are expected
with a structure including Bragg mirrors to enhance the
light-matter interaction and by removing the GaAs sub-
strate, source of spurious deep level emission events. These
modifications (especially the microcavity immersion) will
lower the pump power to standard pump sources below the
Watt level. Before these improvements, the source reported
in this Letter generates more pairs (one per pump pulse)
than necessary for quantum information. Compared to the
guided twin photon sources reported to date in periodically
poled lithium niobate waveguides [19] and in photonic
crystal fibers [20], our source exhibits room-temperature
operation, very narrow bandwidth, no need for pump spec-
tral cleaning (the pump is not guided), and easy separation
of the generated photons. Finally, we emphasize the pos-
sibility of directly generating polarization-entangled states.
For example, the generation of a Bell state can be done by
simultaneously pumping the sample with   
0:4	 [see
Fig. 1(c)], by illuminating the waveguide through a dif-
fraction grating [13] or by inserting it in a bow-tie cavity.
Clearly, our twin photon source can be profitably inte-
grated in innovative devices. On the one hand, one can,
e.g., obtain an entangled light emitting diode thanks to the
integration of an electrically pumped vertical cavity
surface-emitting laser on top of the waveguide. On the
other hand, forgetting entanglement but making use of
simultaneity, an integrated heralded source of single pho-
tons is readily available by integrating or pigtailing a
photon counter at one of the two waveguide facets.
These innovations can be envisaged because our source
belongs to the domain of semiconductors, which is a major
qualitative leap of our work. Because of all these advan-
tages and perspectives, we candidate our twin-photon-
source geometry as a novel archetype for future quantum
information devices.
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We report an experimental test for the local causality of space-time assuming the influence of
gravity in quantum state reduction. In a Franson-type test of Bell inequality, two energy-time
entangled photons are sent through optical fibers and directed into unbalanced interferometers at
two receiving stations separated by 18 km. At each station, the detection of a photon triggers the
displacement of a macroscopic mass. The timing ensures space-like separation from the moment
a photon enters its interferometer until the macroscopic mass, 18 km away, has moved. When
scanning the phase in one of the interferometers, interference fringes with a visibility of up to
90.5% are obtained, leading to a violation of Bell inequality.
When is a quantum measurement finished?
Quantum theory has no definite answer to this
seemingly innocent question and this leads to the
quantum measurement problem. Various interpre-
tations of quantum physics suggest opposite views.
Some state that a quantum measurement is over as
soon as the result is secured in a classical system,
though without a precise characterization of clas-
sical systems. Decoherence claims that the mea-
surement is finished once the information is in the
environment, requiring a clear cut between system
and environment and arguments assuring that the
system and environment will never re-cohere. Oth-
ers claim that it is never over, leading to the many
worlds interpretation [1]. Note that none describes
how a single event eventually happens. And there
are more interpretations and many variations on
each theme. In practice this measurement prob-
lem has not yet led to experimental tests, though
progress in quantum technologies bring us steadily
closer to such highly desirable tests [2].
Another possibility, supported among others by
Penrose and Dio´si [3][4], assumes a connection be-
tween quantum measurements and gravity. Intu-
itively the idea is that the measurement process has
to be finished before space-time gets into a super-
position state of significantly different geometries.
The latter would be due to superpositions of dif-
ferent configurations of massive objects. Penrose
and Dio´si independently proposed the same crite-
rion (up to a factor of 2) that relates the time of
the collapse (that terminates the measurement) to
the gravitational energy of the mass distribution
appearing in the superposition. Following Dio´si
equation [4], the time of the collapse is given by:
tD =
3h¯V
2piGm2d2
(1)
where V is the volume of the moving object, m is
its mass and d is the distance it has moved.
Hence, according to Eq. 1, a typical measure-
ment in quantum optics is finished once the alter-
native results would have led to displacements of a
sufficiently massive object. This view differs stri-
dently from the one adopted in practice by most
quantum opticians. Indeed, the common view in
this community is that a quantum measurement is
finished as soon as the photons are absorbed by de-
tectors. But such an absorption, even when it trig-
gers an avalanche photodiode and gets registered
by a computer, only involves the motion of elec-
trons, that is of insufficient masses to satisfy the
Penrose-Dio´si criterion.
Fig. 1. Space-time diagram of the experiment. When
a photon from the source reaches a detector (A or B)
the measurement process starts. Space-like separation
is achieved when the measurement process at detector
A (B) is finished before a light signal travelling from A
to B (B to A) arrives at the other detector.
This situation led Kent to observe that actually,
according to the Penrose-Dio´si criterion, none of
all the many Bell inequalities tests that have been
performed so far involve space-like separated events
[5]. Indeed, in all these tests, no massive object
moves, at least not in the microseconds following
1
the photon absorptions by the detectors. But then,
none of these Bell tests strictly excludes the pos-
sibility that the observed violation of Bell inequal-
ities is due to some hypothetical communication
(of a type unknown of today’s physics). Given the
importance of quantum nonlocality (i.e. violation
of Bell inequalities), both for fundamental physics
and for quantum information science, we present in
this letter an experiment that closes this loophole.
In a Franson-type test of the Bell inequalities [6],
pairs of entangled photons travelling through opti-
cal fibers are sent to two receiving stations physi-
cally separated by 18 km with the source roughly
at the center. This distance breaks the previous
record for this kind of experiments [7]. At each
receiving station, the detected photons trigger the
application of a step voltage to a piezoelectric actu-
ator. The actuator is a ceramic-encapsulated PZT
(lead zirconate titanate) block of 3x3x2 mm and
weighs 140 mg (PI, PL033). We chose this actua-
tor because it fulfills all the following criteria: it can
move a measurable distance in a time of the order of
microseconds and it can be triggered to repeat this
movement several thousand times per second. Due
to the converse piezoelectric effect, the applied volt-
age expands the actuator and, at the same time dis-
places a gold-surfaced mirror measuring 3x2x0.15
mm and weighing 2 mg that is attached to one of
the piezo faces. We used this mirror as the movable
mirror of a bulk optical interferometer (see Fig. 2)
to confirm the expansion of the piezo (see Fig. 3).
Fig. 2. Experimental set-up of the bulk intereferometer
used in each receiving station (Satigny and Jussy) to
confirm the piezo expansion. Each interferometer is
mounted inside a box that isolates it from atmospheric
disturbances. The piezo actuator is glued to a fixed
support with one mirror attached to its side. Each time
a photon is detected by the single-photon detector, a
step voltage of 4V is applied to the piezo, expanding it.
When the piezo expands, the laser beam-path through
the arm with the piezo shortens and the interference
produces a variation in the intensity observed by the
photodiode.
To guarantee the space-like separation between
the detection events, the time that the light needs
to travel from one receiving station to the other
must be significantly shorter than the time needed
to perform all the measurement process (tM ). This
time includes, not only the time of the collapse,
but also the time between the moment the pho-
tons enter their respective analyzer (a 3-dB fiber
coupler inside an interferometer), until the moment
the mirrors move sufficiently to be certain that the
measurement process is finished, according to the
Penrose-Dio´si hypothesis. The time between the
moment the photons enter the analyzer to the mo-
ment the step voltage is applied it is just 0.1 µs. Af-
ter the application of the voltage, the piezo starts to
expand and displaces the mirror. This produces a
change in the phase of the interferometer that is de-
tected by the photodiode. The equivalence between
the voltage variation detected by the photodiode
and the mirror displacement has been calculated
from the wavelength of the laser (λ = 633 nm) and
the phase change produced by the displacement. If
we consider that the phase change takes place in
a node of an interference fringe, where the slope
between the phase and the intensity is maximum,
we will set a lower bound for the displacement dis-
tance. Hence, 6 µs after the step voltage is applied
to the piezo, the voltage has already changed by 0.3
V meaning that the mirror has displaced a distance
of at least 15 nm. Finally, we find that the time of
collapse is tD = 0.7 µs, using Eq. 1 [8] with d=15
nm and taking just the mass and volume of the mir-
ror. The total time is then tM = 6.8 µs, one order
of magnitude shorter than the 60 µs the light needs
to cover the 18 km between the receiving stations.
Fig. 3. Step voltage applied on the actuator and the
mirror displacement. This measurement confirms the
piezo expansion. It was repeated in each receiving sta-
tion before and after each run of the experiment. Grey
line is the step voltage of 4 V (left scale) applied to the
piezo actuator. Black line is the distance the mirror has
moved represented as the voltage variation (right scale)
detected by the photodiode. 6 µs after the voltage is
applied, the mirror has already moved by 15 nm.
The scheme of the experimental setup is given in
Fig. 4. A cw single mode external cavity diode laser
(2.7 mW at 785.2 nm) pumps a PPLN (Periodi-
2
cally Poled Lithium Niobate) nonlinear waveguide
that creates pairs of photons through the process
of spontaneous parametric down-conversion. After
the waveguide, a Silicium filter (F) blocks all the re-
maining light at 785.2 nm and the created photon
pairs are coupled into an optical fiber. Two cir-
culators and two fiber Bragg gratings (FBG) sep-
arate the pairs according to its wavelength. The
first FBG reflects only the photons at 1573.0 nm
(4λ=1.0 nm) and allows for the rest of the pho-
tons to be transmitted, while the second FBG re-
flects the photons at 1567.8 nm (4λ=1.0 nm). The
rest of the photons are not transmitted. The pho-
tons are sent to their respective receiving stations
through standard communication optical fibers.
Although the photons wavelength was chosen to be
very close to the third telecommunication window
at 1550 nm, there were still around 8 dB of losses
in each of the fibers linking the source with the
detectors, concentrated mainly at the connectors
between different fibers.
Fig. 4. Experimental setup. See text for a detailed
description.
The source is situated in Geneva and sends the
pairs to two receiving stations situated in two vil-
lages (Satigny and Jussy) in the Geneva region, at
8.2 and 10.7 km, respectively. The beeline distance
between them is 18.0 km. At each receiving sta-
tion, the photons pass through a Michelson inter-
ferometer with a long arm and a short arm. The
path-length difference is 1.3 ns and is the same in
both interferometers. It is also smaller than the
coherence length of the pump laser, so an entan-
gled state can be detected when both photons pass
through the short (or long) arms. Because the pho-
tons are entangled, the probability that pairs of
photons choose the same output port can be af-
fected by changing the phase in either interferom-
eter. This will produce interference fringes in the
coincidence count when the phase is scanned. To
scan the phase, the temperature of one of the inter-
ferometers is changed while the other is left stable.
To compensate for birefringence effects in the arms
of the interferometers (i.e. to stabilize polariza-
tion), Faraday mirrors (FM) are used [9].
After passing through the interferometers, the
photons are detected by single-photon InGaAs
avalanche photodiodes (APDs) (id Quantique,
id200). The photodiodes are operated in the gated
mode with a repetition frequency of 1 MHz and a
gate width of 100 ns. The quantum efficiency is
10% and the dead time is 10 µs. They are trig-
gered in a synchronized way using the same signal
sent out from Geneva through other optical fibers.
This greatly improves the number of coincidences
per unit of time.
Each time the single-photon APDs detect an
event, an optical signal is sent back to Geneva,
where it is detected by a p-i-n photodiode. For
this, we used the same fibers that were used to
send the trigger signal to the APDs. The lasers at
both ends of the fibers had different wavelengths
(1550 nm and 1310 nm) and Wavelength Division
Multiplexers (WDM) were used to separate the sig-
nals. The detected events are sent to a time-to-
amplitude-converter (TAC) that takes one of the
signals as start and the other as the stop, measur-
ing the difference in their arrival times. Coinci-
dences in the arrival times between events coming
from different detectors indicate that those pho-
tons passed either through the short-short or the
long-long paths in the interferometers. Using a dis-
criminator with a narrow window, the other two
non-interfering possibilities (photons that passed
through different arms − short-long or long-short
paths) can be discarded.
We monitored the single photon count rates for
each detector and the coincidence rate while scan-
ning the phase δ in one of the interferometers.
We make the temperature of one interferometer
decrease slowly but regularly between 40◦C and
21◦C during a period of several hours. The co-
herence length of the single photons was 2.47 ·10−3
mm, 2 orders of magnitude smaller than the path-
length difference in the interferometers (267 mm),
so there was no single photon interference, and no
phase-dependent variations in the single rates were
observed. On the contrary, the coincidence rate
showed a sinusoidal oscillation dependent of the
phase change in the interferometers. The measured
single count rates were 5.0 and 4.1 kHz, including
0.7 and 1.1 kHz of dark counts, for the detectors
at Satigny and Jussy, respectively. A discriminator
window of 600 ps placed around the coincidence
peak gave us an average coincidence rate of 33 co-
inc./min.
The Bell inequalities set an upper bound for cor-
relations between particles that can be described by
classical theories. One of the most frequently used
forms is the Clauser-Horne-Shimony-Holt (CHSH)
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Bell inequality [10], which has a Bell parameter
S = |E(d1, d2)+E(d1, d′2)+E(d′1, d2)−E(d′1, d′2)| ≤ 2
(2)
where E(d1, d2) are the correlation coefficients and
d1, d2 are values for the phase in the interferom-
eters. Quantum mechanics predicts a maximum
value of S = 2
√
2. If the correlation coefficient E is
described by a sinusoidal function like E = V cos(δ)
where δ is the relative phase in the interferometers
and V is the visibility, the parameter S becomes
S = 2
√
2V . This implies that if the visibility is
V ≥ 1/√2 the correlations between detected pho-
tons must be of quantum origin.
We are interested in the best visibility value ob-
tained over a period of more than one fringe. To
obtain an optimal visibility, it is important to have
less than 0.1 pairs/window in order to reduce the
probability of having a double pair. The number of
photons pairs after the FBGs was 2.6 · 107 pairs/s
or 0.0156 pairs/window. The raw data yields a vis-
ibility of Vraw = (90.5± 1.5)% (see Fig. 5) leading
to Sraw = 2.56±0.04, surpassing the limit given by
the Bell inequalities by 13 standard deviations (σ).
We can conclude that the correlations between the
photons remain well above the classical limit even
when the gravitational field is being modified by
the displacement of the masses.
Fig. 5. Singles (dots) and coincidence counts (squares)
per 60 s as a function of time while the phase δ in the
Jussy interferometer (see Fig. 4) was being scanned.
A best fit with a sinusoidal function yields a visibility
of Vraw = (90.5 ± 1.5)%. Error bars represent the
square root of the number of coincidences at each point.
Sometimes an avalanche in one of the APDs
is set off but without any photon. If such a
false detection happens at almost the same time
in both APDs or if it happens when one true
photon arrives at the other APD, this leads to an
accidental coincidence. The number of accidental
coincidences will not oscillate with the scannning
of the phase but will always remain around the
same value, reducing the visibility. The number
of accidental coincidences was 2.5 coinc./min.
If we substract the accidentals from the total
number of coincidences, the visibility climbs to
Vnet = (96.7± 1.4)% leading to Snet = 2.74± 0.04,
violating the Bell inequalities by 18σ.
In conclusion, we have performed an experimen-
tal test of the Bell inequality with space-like sepa-
ration large enough to include a hypothetical delay
of the quantum state reduction until a macroscopic
mass has significantly moved, as advocated by Pen-
rose and Dio´si. Indeed, in the reported experiment
each detection event triggers the application of a
step voltage that expands a piezo actuator and dis-
places a mirror. The time of collapse of the mirror
plus the time it takes to move it is shorter than the
time the light needs to travel the distance between
the receiving stations. In addition, this distance (18
km) sets a new record for Bell experiments with an
independent source located in the middle. Let us
emphasize that under the assumption of gravity-
induced quantum state reduction none of the many
former Bell experiments involve space-like separa-
tion from the time the particle (here photons) en-
ter their measuring apparatuses (here interferom-
eters) until the time the measurement is finished.
In this sense, our experiment is the first one with
true space-like separation. The results confirm the
nonlocal nature of quantum correlations.
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